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ABSTRACT 
  
Finite element modelling and analysis is an important computational method used in 
engineering to predict how an object reacts to applied forces. This method has in recent times 
been applied to biological molecules including mechanosensitive (MS) ion channels, in order 
to determine various aspects of their dynamic behaviour. In this project FE modelling has been 
applied to the mechanosensitive channel MscL, the MS channel of large conductance of the 
bacterium E. coli, to investigate the contribution of the C- and N-terminal MscL domains to 
channel gating by mechanical force. The major findings of the project show that: 
1. The C-terminus does not dissociate or participate in the channel gating, suggesting its role 
in stabilisation of the channel pentameric structure. 
2. The channel can be opened to 80% of its capacity (an inner pore diameter of 23 Ångströms) 
by applying force to the N-terminus only. This study thus demonstrates a possibility of 
controllable activation of MscL and thereby opens up prospects of using MscL channels as 
nanovalves in biotechnology and drug delivery. 
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ABBREVIATIONS AND NOMECLATURE 
 
A20A               Residue Alanine 20 of the primary TM1 helix 
DSSP               Database of secondary structure assignments for all protein entries              
FE                    Finite element 
G22B               Residue Glycine 22 of the first neighbour TM1 helix 
G26B               Residue Glycine 26 of the first neighbour TM1 helix 
GOF                Gain of function mutant of MscL 
L19A               Residue Leucine 19 of the primary TM1 helix 
L19B               Residue Leucine 19 of the first neighbour TM1 helix 
MscL               Mechanosensitive channel of large conductance 
TM1                First transmembrane helix 
TM2                Second transmembrane helix 
V23A               Residue Valine 23 of the primary TM1 helix 
V26B               Residue Valine 26 of the first neighbour TM1 helix 
VCCRI            Victor Chang Cardiac Research Institute 
vdW                 van der Waals 
WT                  Wild type (original non-mutated form of the channel) 
 
Å                     Angstrom 
E                      Young’s Modulus  
F                      Force 
k                      Spring constant  
x                      Distance spring is deformed 
ݍଵ                    Charge value of first interacting particle 
ݍଶ                    Charge value of second interacting particle 
ߝ଴                     The vacuum permittivity of space 
ߝ௥                     Relative static permittivity (for vacuum this value is 1 and for water, 78,      
                        at room temperature)  
r                       Distance between the two charges  
ݎ(ைு)                OH backbone atoms for the top hydrogen bond network of the C-terminus  
ߢ                      Debye length  
I(M)                Ionic strength expressed in moles or mole/L 
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A                     Cross-sectional area 
L                      Length of spring 
dL                    Change in length 
N                     Newton (unit) 
pN                   pico Newton (unit) = 10-12 N 
∆ݔ                    Change in length of spring 
σ                      Stress 
ε                      Strain  
E୴ୢ୵                Energy due to van der Waals interaction 
d                      Equilibrium distance 
ݒොଵ,ଶ                  Vector for closed state of TM1 
ݒොଷ,ସ                  Vector for open state of TM1 
∴ ∆ݒො                Change in vector between open and closed states of TM1 
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CHAPTER ONE: 
INTRODUCTION 
 
1.1 Background 
All living organisms require the ability to sense and adapt to changes in their environment. 
Membrane proteins have a capacity to communicate these chemical and physical stresses. 
Mechanosensitive (MS) channels, thought to be present in all living cells, create a link between 
external mechanical forces and an internal physiological response. These channels are the 
molecular basis for the mechanical senses, such as touch, hearing, proprioception (awareness 
of position in space). (Gillespie P and Walker R 2001; Chalfie M 2009). The most extensively 
studied of these are mechanosensitive channels of bacteria, which provide a foundation for 
understanding similar processes in higher organisms, including plants, animals and humans. 
One of the best characterised examples of these force-sensing proteins is the mechanosensitive 
channel of large conductance (MscL). Among all homologues (proteins which have identical 
or similar amino acid sequence to the original protein) of MscL the structure and function of 
Escherichia coli MscL (EcMscL) has been extensively studied and presents today the best 
model for studies of biophysical principles underlying the gating of MS channels by mechanical 
force. (Kung et al. 2010; Booth IR and Blount P 2012). 
 
There are great opportunities in the manipulation of bacterial mechanosensitive ion channels 
for specific and targeted drug delivery purposes. Recent research has shown that these ion 
channels have the potential to be converted into nanovalves through clever use of magnetic 
nanoparticles and magnetic fields (Pankhurst et al. 2009). By using the Finite Element Method 
this project aims to investigate the theoretical feasibility of a particular approach to opening the 
mechanosensitive ion channel MscL (Figure 1) for its potential use as a magnetically triggered 
nanovalve.  
   
Figure 1. The structure of the 
closed form of the pentameric 
MscL channel (left) and a channel 
monomer (right) from M. 
tuberculosis consisting of two 
trans-membrane domains, TM1 
and TM2 according to the 3D 
structural model. (Steinbacher et 
al. 2007). 
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The project is split into two distinct parts; the first part of the project will use crystallographic 
coordinates of the 3D structure of MscL (Steinbacher et al. 2007) and the Finite Element 
Method to evaluate the structural dynamics of the C-terminal bundle during the channel gating 
in different physical environments (vacuum, water, potassium chloride solution). This is a 
relevant question to address because of the current controversy in the literature about the 
structural dynamics of this MscL domain. The aim of the second part of the project will be to 
conclude whether the channel can be opened by only applying stress (mechanical force) to the 
N-terminal domain. This second part is one of the first steps in determining whether a 
magnetically triggered MscL nanovalve is feasible. 
 
The idea to use MscL as a nanovalve results from the ability to regulate gating of this channel 
by mechanical force transmitted through the lipid bilayer with the channel pore opening being 
sufficiently large to allow the release of compounds such as anticancer drugs. MscL is able to 
transduce lipid deformation forces into a sequence of structural rearrangements that  
 
lead to opening of its very large pore of  3nm (30Å) in diameter. Its ability to generate such a 
large pore in the membrane within a few milliseconds gives it a significant advantage in the 
design of new liposome nanovalves for controlled drug delivery (Figure 2).  
 
Many of the biological and biophysical terms, unfamiliar to the readers with a background in 
Engineering, are defined in the Glossary (Appendix A). 
 
 
 
 
 
 
Figure 2. A diagram showing the principle of activation 
of an MscL nanovalve by magnetic field. Magnetic 
nano-beads are chemically attached to MscL, which 
then can be opened by application of static and/or 
oscillating magnetic field to release the drug cargo 
carried by a liposome in which the MscL nanovalves 
have been reconstituted. (A) and (B) depict the closed 
and open MscL channel, respectively. (Courtesy of the 
VCCRI) 
A 
B 
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1.2 Aims of Thesis 
 To explore the extent to which the C-terminal domain contributes to the gating 
mechanism of MscL by way of determining whether the domain dissociates during 
gating. 
 
a) To model the crystallographic three dimensional structure of MscL in a finite 
element software package. 
 
b) To simulate gating, by using  the FE model, in different physical 
environments of vacuum, water, and a potassium chloride solution, in order 
to evaluate the movement  of the C-terminal bundle during MscL gating and 
its function in the channel  under these physical conditions. 
 
 To determine whether MscL can be opened by only applying mechanical force to the 
N-terminal domain. 
 
 Gain a deeper understanding of nano-biomechanics, and application of finite element 
modelling and analysis to problems in biology. 
 
1.2.1 Expected Outcomes: 
 The C-terminus is expected to not move considerably during gating regardless of the 
physical environment. If true, as the experiments seem to suggest, this will show that 
the C-terminal bundle is not important in the gating process and mechanosensitivity of 
MscL. The C-terminus could then be classified as a “neutral domain”, and its 
importance would be specified as important for keeping the oligomeric (pentameric) 
structure of the channel. 
 
 The magnitude of the force required for opening the channel, by pulling only on the N-
terminal domain will be determined. From this it will be possible to conclude whether 
such an approach is theoretically feasible allowing for the development of novel 
experimental techniques implementing this idea in nanotechnology.  
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1.3 Scope  
The scope of this project is defined by investigating the role of the cytoplasmic C- and N-
terminal domains in mechanosensitivity and gating of the bacterial MscL channel using Finite 
Element (FE) modelling and analysis. This should help in determining a possibility of 
employing MscL as a nanovalve in biotechnology. In order to use FE modelling the assumption 
had to be made that representing the cytoplasmic N- and C-terminal and transmembrane TM1 
and TM2 alpha helices as rods in the channel model would be a good approximation to achieve 
realistic results on the channel dynamics. The project is limited to exploring the extent to which 
applying the force to the N-terminal domain may be sufficient to operate the MscL nanovalve 
in liposomal preparations for delivery of drugs in cancer chemotherapy, for example.      
   
As a result of time limitations no further modelling of gain of function (GOF) MscL mutants 
(these mutants require less mechanical force to open or, in some cases, open spontaneously), 
application of mechanical force to other structural domains of MscL and specific application of 
magnetic field force to MscL nanovalve labelled with magnetic nanoparticles has been included 
in this project. Such additional modelling has been proposed inclusion in prospective future 
studies aiming towards developing a magnetically-triggered MscL nanovalve for liposomal 
drug delivery purposes.    
 
1.4 Thesis Objectives  
Seven objectives were developed to provide clear steps towards the successful completion of 
this project, they are: 
1. The C-terminus FE model will be generated using the ABAQUS software package 
according to the crystallographic coordinates of MscL. 
2. A literature review will be undertaken to provide background information on the 
structure of MscL, the interactions present in the domains being focused on in this 
project, and knowledge of the field to inform the reader of the current status and 
development of this research area. 
3. Calculation of the electrostatic forces and polar interactions between the five C-terminal 
helices of the channel homopentamer by using Coulomb’s Law, the Debye-Hückel 
theory of electrolytes, and DSSP (Database of Secondary Structure assignments for all 
Protein entries, an algorithm system and database of secondary structure assignments 
for protein entries). 
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4. Implementation of the electrostatic forces at the C-terminal domain for the different 
environments specified above using connector elements in the ABAQUS software 
package†. The reason for simulating gating in different physical environments is to 
examine the sensitivity of the model to these environments.  
5. Analyse the results and determine whether the C-terminus bundle dissociates in any 
environment, and consequently comment on its contribution to the gating mechanism. 
6. Calculate and implement the displacement boundary conditions required to induce 
MscL gating by applying them to only the N-terminal domain alone. 
7. Comment on the feasibility of force application approach in terms of developing an 
MscL nanovalve. 
 
 
1.5 Thesis Outline 
 Chapter 2 outlines the structure and function of the MscL ion channel, the C-terminus, 
and the N-terminus, while also giving background to areas that are pertinent to the 
simulation modelling, discussed further in the report. 
 Chapter 3 details the development of the finite element model used to determine 
whether the C-terminus bundle dissociates during gating. 
 Chapter 4 details the modification of the finite element model from Chapter 3 and 
results regarding whether the MscL channel can be opened by only applying force 
directly to the N-terminus. 
 Chapter 5 completes the thesis, detailing the conclusions of both portions of the project, 
and discusses possible avenues for future research and work. 
 
 
 
 
 
 
 
 
†Due to their large size (approximately 350 pages each) the ABAQUS input files for the simulations are not 
included in this document but are available upon request at adam.martinac@uqconnect.edu.au. 
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CHAPTER TWO: 
LITERATURE REVIEW 
 
2.1 MscL Protein Structure: 
To build a FE model of MscL the structure and dynamics of this protein must be understood. 
Given that the 3D MscL structure is available from X-ray crystallography it can be used as a 
template for the FE model, which can explore the structural dynamics of MscL under different 
physical conditions. The first resolved crystal structure of MscL was a homolog of 
Mycobacterium tuberculosis (TbMscL) reported in 1998 (Chang G 1998). MscL was shown to 
be a homopentamer, a symmetric oligomer composed of 5 identical subunits, combining into a 
membrane-spanning channel of 80kDa (kilo Dalton, a measure of the molecular weight of 
substances) (Sukharev et al. 1994).  
 
Each channel subunit is comprised of the N-terminal domain, the first transmembrane helix 
TM1, a periplasmic loop, the second transmembrane helix TM2, and the C-terminal domain 
facing the cytoplasm. The structure of MscL is shown in Figure 1 where one of the subunits is 
highlighted in blue. The N-terminus is embedded in the cytoplasmic membrane and is attached 
to the first transmembrane helix (TM1) which forms the interior of the channel pore. A 
periplasmic loop connects TM1 to TM2, the second transmembrane helix. The periplasm is a 
gel-like matrix situated between the inner (cytoplasmic) membrane and the outer membrane in 
Gram-negative bacteria, such as Escherichia coli. The second transmembrane helix (TM2) 
interacts with the lipid bilayer at the channel exterior to sense changes in membrane tension. 
The C-terminus cytoplasmic helix is connected to TM2 via a linker and is indispensable for 
MscL function (Ando et al 2015). The linker contains a charged cluster RKKEE (definition in 
Appendix A: Glossary), which is characteristic of all MscL homologues and is important for 
stability of the pentameric MscL structure. Also, the channel activation was shown to be 
affected by changes in pH, which affects electrostatic interaction between the changed residues 
within the cluster (Kloda et al. 2006).  
 
The pore of the channel is formed mainly by the five TM1 helices, which are slanted and join 
together as they face the cytoplasm (Figure 3). The ion conduction pathway is provided by 
hydrophilic residues lining the channel pore. The pore of the closed channel is conical in shape 
and is approximately 18 Å in diameter at the periplasmic site but narrows to the tight 
constriction of the ‘hydrophobic lock’ at the cytoplasmic site (approx. 2Å in diameter). The 
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tight constriction acting as the channel gate is formed by hydrophobic residues that are highly 
conserved among bacterial homologues of the MscL channel family (Kloda et al. 2007). The 
membrane in which MscL is embedded is the lipid bilayer.  
Figure 3: 3D structure of MscL (Vanegas JM and Arroyo M 2014). 
The lipid bilayer is a thin bimolecular shell primarily comprised of phospholipid molecules 
(fatty acids made from chains of both carbon and hydrogen molecules) which form the core of 
all cell membranes (NCBI website). As their name suggests, the bilayer structures are two 
monolayers, stabilised by van der Waals forces/hydrophobic effect, of lipid molecules with 
hydrophilic head groups on the outer edge, exposed to water, and hydrophobic tail groups facing 
inwards (Figure 4). 
 
Figure 4: A schematic representation of a mechanosensitive channel activated by membrane 
tension (Sachs F 2015) (Teng J et al. 2015). 
 
The lipid bilayer can be assumed to behave as an elastic solid. Therefore, its intrinsic mechanical 
properties can be characterized by four elasticity moduli that describe the response of a unit area of 
bilayer to compression, expansion, bending, and extension (Evans and Hochmuth 1978).The larger 
the moduli, the greater is the resistance to deformation. Elastic deformations are directly 
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proportional to and follow instantaneously the application and removal of external forces (Evans 
and Skalak 1980). The structural arrangement of both MscL and the lipid bilayer informs the current 
understanding of the mechanics of the channel.  
 
2.2 Structure and Function of the C-terminal Domain 
In order to model the structural dynamics of the C-terminal domain and increase the accuracy 
of the model a brief review of the structure and function of the C-terminus is necessary. The 
cytoplasmic domain (C-terminus) is a section of the MscL subunit which is located in the 
cytoplasm of the cell. Walton and Rees (2013) determined the most recent and accurate 
crystallographic structure of the C-terminal domain to date up to a resolution of 1.5 Å (1.5 
Angström = 0.15 nanometers) by using X-ray crystallography, and Circular Dichroism (CD) 
Spectroscopy (Walton and Rees 2013). The cytoplasmic domain (C-terminus) of E. coli MscL 
is a 29 residue domain (from 108-136) which is separated into two distinct structural regions, a 
pentameric alpha-helical coiled-coil, and an asymmetrical extended region (Figure 5). Coiled 
coils are made up of two or more alpha-helices wrapped together to form a twisted structure 
which resembles rope. Alpha-helices are ever-present in protein-protein interaction domains 
due to their simple sequence repeat and thus are capable of combining into several different 
oligomerisation states (the formation of a molecular structure from a small number of monomer 
units) which control a diverse range of protein assemblies (Woolfson et al. 2012). 
 
Major elements of the C-terminus structure are the three distinct networks of electrostatic 
interactions which are located at the top, middle and bottom of the channel. The top and bottom 
electrostatic interactions can be considered to be electrostatic “caps” which are stabilized by 
hydrogen bond networks (Walton and Rees 2013). The central electrostatic interactions 
encompass the circumference of the C-terminal bundle creating a “belt” like structure around 
the coiled coil (Walton and Rees 2013). In the central belt the first neighbour interactions 
between the helices are attractive (opposite charge), while the second neighbour interactions 
are repulsive (same charge). This central belt contains an electrostatic salt bridge which 
interacts with the RKKEE charged amino acid cluster (Kloda et al. 2005). The RKKEE charge 
cluster is comprised of five amino acids, they are; one Arginine (R), two Lysines (K), and two 
Glutamic acids (E).        
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Figure 5: Electrostatic interaction locations in EcMscL-C-terminal domain (Walton and Rees 
2013). A: EcMscL C-terminal domain electrostatic interactions at top, middle, and bottom of 
the helical bundle. A detailed view of each interaction is shown in panels (B-D). B: Top 
Electrostatic cap created by H-bond network between residue E118 and two water molecules. 
C: Middle: Electrostatic belt created by salt bridge between residue R126 and residue E124 on 
adjacent helix. D: Bottom: Electrostatic cap created by H-bond network between residue R135 
and C-terminal residue S136 on adjacent helix. 
 
The function of the C-terminal domain is not completely understood, however, Ando et al. have 
shown that it is required for the formation of the pentameric structure of the channel (Ando et 
al. 2015). They determined this from mutagenesis experiments consisting of replacing amino 
acid residues within the C-terminus and affecting its structural stability. Therefore, the C-
terminal domain of EcMscL (Escherichia Coli MscL) was shown to affect the assembly of the 
transmembrane domain as it experiences large conformational changes during gating (Ando et 
al. 2015). 
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2.3 Structure and Function of the N-terminal Domain 
An understanding of the structure and phenomenological models of the N-terminus is necessary 
in order to correctly apply forces to the N-terminus of the FE model, determining whether the 
channel can be opened in this manner. The N-domain, previously referred to as the S1 domain, 
is a portion of the MscL subunit comprised of 14 amino acids (Iscla et al. 2008). The N-terminal 
helix is attached to the pore lining of the TM1 helix by a glycine hinge. 
 
The specific role of the N-terminus during the gating cycle is not completely understood, 
however, there are two main competing models with the second being the current forerunner 
(most recent). The first model proposes that the N-terminus behaves as a second gate which 
provides added constriction to the hydrophobic lock (Iscla and Blount 2012). This model is 
based on the first crystal structure resolved for MscL which had not determined the structure of 
the N-terminus to a high resolution; the model has since been refined by Steinbacher et al in 
2007 (Steinbacher et al. 2007). Despite this, experiments working on the first model indicated 
that the N-terminus is important for channel function, through mutagenesis experiments, which 
showed that deletion of the 11 amino acid residues led to a non-functional ion channel, and the 
deletion of as few as three amino acid residues led to severely decreased channel sensitivity 
(Iscla et al. 2008). The second model proposes that the N-terminal domain is attached to the 
lipid bilayer, behaving as a crucial mechanosensing element (Iscla et al. 2008). In this model 
the N-terminus was shown to remain stable in a helical configuration along the membrane water 
interface. The nonpolar face of the helix points to the membrane, almost embedded, and the 
polar face points outwards. This configuration implies that the N-terminal cannot act as a 
second gate but in-fact functions as a membrane anchor, fixing the protein to the surface of the 
lipid bilayer and guiding the TM1 pore helix during MscL gating. By directly connecting the 
lipid bilayer to the pore-lining TM1 helix, the N-terminus may directly transfer a radial force 
applied to the membrane, from the bilayer to the TM1 helix, increasing the tilt of the TM1 helix 
relative to the cell membrane, thus opening the channel, further implying the role of the N-
terminal domain as a membrane anchor (Corry et al. 2010).     
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2.4 Gating Mechanism 
In order to reversibly deform and still retain their function cells have developed resilience to 
the recurrent internal and external mechanical stresses of their environment. These mechanical 
forces are able to change the conformation of the cell membrane, triggering gating. Gating is 
the mechanism by which MscL opens and closes in response to hypo-osmotic shock, regulating 
the flow of ions and osmolytes through its central pore (Figure 6) (Steinbacher et al. 2007). 
During gating the pore expands from a closed state of 16 Angströms in diameter to an open 
pore diameter of ~30Å (Angströms) (Corry et al. 2005). This pore diameter transformation is 
responsible for the transfer of cellular signals which are then able to regulate several 
physiological processes such as sensing pressure, vibrations and the senses of touch, hearing in 
animals and humans.  
Currently, for most eukaryotic mechanosensitive channels, the underlying mechanism(s) of 
gating are still only partially understood (Bavi et al. 2013). Several physical models have been 
suggested by researchers to explain the gating mechanism via cell membrane deformations. 
These models describe the behaviour of the cell membrane, taking into account the changes in 
curvature and thickness of the membrane under mechanical stress. The two main models are 
the force from filament concept (Chalfie M 2009) and the force from lipid concept (Teng et al. 
2015). The former concept proposes that force is transferred through tethers or structural 
elements in the channel, and the latter suggests that forces are directly transferred through the 
membrane (lipid bilayer) to the channel. 
In the case of the force from lipid concept (Teng et al. 2015) there is increasing evidence that 
shows that hydrophobic interactions and osmotic forces with the lipid bilayer are an important 
aspect of the gating cycle, providing further indication that the force is transferred directly 
through the lipid bilayer. Studies have also indicated that the interactive forces between the 
bilayer, the N-terminal helix, and the mechanosensitive channel are conserved during the gating 
cycle, adding support to the hypothesis that the lipid bilayer plays a major role in drawing the 
channel open (Teng et al. 2015). The lipid bilayer itself has been shown to behave as one of the 
major force bearing element which transfers the membrane tension to the prokaryotic 
mechanosensitive channel (Sukharev et al. 1994).       
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Figure 6: Model of the closed to open transition during gating of MscL (Wang et al. 2014). (A 
and C) The crystal structure of MscL in the closed state is shown for compassion. (B and D) In 
the open conformation, the pore is mainly lined by TM1 (indicated by blue arrows), consistent 
with the helix-tilt model. In addition both TM1 and TM2 tilt toward the membrane plane 
(horizontal) upon channel activation, which is emphasised by the green and yellow arrows in 
the side views. The green arrows show the orientation of TM1 in the closed state while the 
yellow arrow indicated the orientation of TM1 in the open state. (E) A sphere with a diameter 
of 2.7 nm(blue) is shown in the MscL in the top view. (F) The surfaces of water molecules 
(green) inside the tunnel of MscL in open configuration (magenta) are drawn and the narrowest 
constriction is ~2.7-2.8 nm. 
 
2.5 Forces Controlling Protein Structure  
In order to develop a correct and adequate FE model of the C-terminal domain interactions the 
forces which affect protein structure need to be understood and considered. Protein tertiary 
structure and function is based on the ‘native’ and ‘folded’ conformations that the respective 
polypeptide chains adopt (The Medical Biochemistry Page 1996). The tertiary structure also 
describes the three-dimensional relationship between the secondary structures of the protein 
which frequently constitute different domains, like the helices, inside a polypeptide chain. The 
interactions between the different protein domains in turn directly affect the conformational 
states of the protein. These interactions are governed by several distinct forces; electrostatic 
interactions, hydrogen bonding, van der Waals forces, and the hydrophobic interactions (Blaber 
M 2001). At the level of molecules and proteins these 4 interactions are the most important. 
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The external mechanical force exerted on the molecular system interferes with these forces, 
disturbing equilibrium and causing a change in protein structure and behaviour.  
Electrostatic Interactions: There are three major types of electrostatic interaction present in 
proteins; charge-charge, charge-dipole, and dipole-dipole (The Medical Biochemistry Page 
1996). Oppositely charged amino acid groups (Arginines and Lysines are positively charged, 
Glutamic and Aspartic acids are negatively charged), located at the oppositely charged ionic 
side chains (known as salt bridges), favour protein folding and are controlled by the dielectric 
constant of the surrounding environment. As a result of this, the charge groups located on the 
surface of the protein have a dielectric constant similar to that of water and are consequently 
weaker, while the charge groups which are buried in the protein are considerably stronger 
(Blaber M 2001).  
 
Hydrogen bonds: Hydrogen bonding in a protein occurs not only within and between 
polypeptide chains, but with the surrounding environment, typically an aqueous solution. The 
bonding between and within the polypeptide chains is a result of numerous proton donors and 
acceptors located in the polypeptide backbone and in the Arginine groups of the amino acids 
(The Medical Biochemistry Page 1996). Hydrogen bonding between the protein and the 
surrounding environment is due to the many hydrogen bond acceptors and donors of the water 
molecule characteristically found in the aqueous environments surrounding proteins (Blaber M 
2001).  
Van Der Waals forces: Protein folding is controlled by both attractive and repulsive van der 
Waals forces. Despite the fact that  van der Waals force is considerably weaker than the other 
forces which control protein conformation, the large number of van der Waals interactions do 
contribute significantly to protein conformation.  The van der Waals interaction consists of 
several “response domains” indicated in Figure 7 (The Force-Distance Curve, Johns Hopkins 
University), where the X-axis is the force between two atoms and the Y-axis is the distance 
between the same two atoms. 
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Figure 7: Generic van der Waals interaction curve 
Hydrophobic Forces: The amino acids which form proteins contain hydrophobic or hydrophilic 
side groups. The hydrophobic groups interact with the aqueous solution surrounding the 
protein, driving themselves into the interior of the protein, away from the exterior (Blaber M 
2001). The possible conformations which a protein can fold into are restricted by this driving 
force. Further, the folded state of proteins is a direct reflection of the equilibrium achieved 
between the attractive energy of hydrogen bonding between the hydrophilic groups and the 
surrounding aqueous environment and the repulsive energy from the hydrophobic groups 
driving away from the aqueous environment (The Medical Biochemistry Page 1996).  
It should be noted that the hydrophobic and van der Waals forces will not be explicitly 
considered in the C-terminus FE model because they act at very short distances. The C-terminus 
FE model will only consider the longer range electrostatic and hydrogen bond interactions. 
Conversely, in the N-terminus model, the hydrophobic forces/Van der Waals interactions are 
the predominant forces which keep the channel gate locked; electrostatic interactions are not 
considered in this second model because they are not present. 
 
2.6 Use of Finite Element Method for Modelling MscL: 
A grasp on the reasons why the Finite Element Method will be used for this project and the work 
which has been done in the field using this method, is necessary to properly ground the work being 
done in this project. Due to the “multi time scale and length scale” nature of the full gating process 
of MscL and the variety of conditions which are considered in this project, employing atomistic 
simulation (Molecular Dynamics modelling) is considered to be computationally unnecessary.  
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The idea of using the Finite Element Method in this project is to employ an efficient framework of 
multi-scale modelling which can capture the conformational changes in the protein scale rather 
than in the atomistic details. It is because of this that excessive computation costs and simulation 
time can be avoided. Moreover, using such a framework, it is possible to study the effect of the 
different aqueous environments. Therefore, compared to techniques such as all-atom molecular 
dynamics simulations, a continuum-mechanics approach such as finite element analysis offers a 
unique alternative to bridge detailed intermolecular interactions and biological processes occurring 
at large spatial scales and long timescales (Bavi et al. 2013). The Finite Element Method also allows 
for systems with large deformations (geometric nonlinearities) to be taken into consideration, 
allowing systems with complex geometries to be analysed. For this reason, in addition to membrane 
proteins such as MscL (Bavi et al. 2014; Tang et al. 2006), FE modelling has widely been used for 
studying different biological phenomena at the molecular level. For example, it has been used to 
model micropipette aspiration (a method to measure material properties of cells and lipid bilayers) 
of various cells (Jafari and Korhonen 2012; Zhou et al. 2005), the gating mechanism of MscL (Bavi 
et al. 2013; Chen et al. 2008), and a framework for computation of protein normal modes and 
mechanical response (Bathe M 2008). 
 
2.7 Biomedical Applications: 
Several research groups have begun to investigate the application of MscL to biomedical 
technology. Due to the physical attributes of this channel, it is a candidate for use as a novel 
drug release valve. Current cancer treatments such as radiation and chemotherapy often affect 
healthy tissue in the patient, resulting in severe side-effects. These side-effects may be reduced 
by the use of liposomes, which are vesicles (small lipidic bubbles) made from the lipid bilayer 
and filled with water or an aqueous solution, to transport and separate drugs from the 
surrounding environment. This approach exploits biological features specific to tumours, 
including highly permeable blood vessels and impaired lymphatic drainage (Peer et al. 2007). 
The ability to regulate the fast gating of the MscL channel with a large open pore could allow 
the release of anticancer drugs upon the liposomes reaching the target destination. Importantly, 
the pore size of open MscL is large enough to let a medicine for other purposes, like insulin as 
well as other compounds, smaller than 6.5 kDa pass unhindered through the channel (Corry B 
2008). In order to achieve this, researchers have suggested that MscL could be modified by 
attaching magnetic nanoparticles to various structurally important domains of the channel 
including the N-terminal domain, which is the primary mechanosensor within the MscL 
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structure or by attaching the magnetic particles to the lipid membrane itself and inducing stretch 
activation of the channel by an externally oscillating magnetic field (Iscla et al. 2015). 
 
Additionally, in an effort to increase the specificity (the likelihood that a person without a 
disease will be properly identified by a clinical test) of the valve, researchers have investigated 
combining the use of UV light and changes in the pH of the environment surrounding the 
channel. Chemical compounds were introduced to the pore, designed to respond to changes in 
pH both before and after irradiation with UV light (Koçer et al. 2006). The implication for pH-
sensitive valves is that release of positively charged drugs may be inhibited near cancers and 
inflammatory tissue where surrounding pH is lower (Ulbrich and Šubr 2004; Iscla et al. 2004).  
 
2.8 Conclusion: 
Response to physical (mechanical) force is a fundamental attribute of all forms of life. As a 
consequence of the discovery of MS channels in E. coli, MscL is one of the most 
comprehensively studied of bacterial membrane channels. Techniques invented to study 
prokaryotic MS channels are being applied in conjunction with engineering computer 
modelling techniques to gain valuable insights into the behaviour of this channel during gating. 
Discoveries of this kind, together with previous studies on gating conditions, could allow the 
creation of a nanovalve with the ability to precisely target locations affected by disease with 
effective medicine. 
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CHAPTER THREE: 
C-TERMINUS 
 
This part of the project aims to use crystallographic coordinates of the 3D structure of MscL 
(Steinbacher et al. 2007) and the Finite Element Method to evaluate the structural dynamics of 
the C-terminal bundle during the channel gating in different physical environments (vacuum, 
water, potassium chloride solution). This is a relevant question to address because of the current 
controversy in the literature about the structural dynamics of this MscL domain. The 
controversy about the role of the C-terminus in channel gating stems from differing opinions 
regarding whether or not the structure of the helices separates/dissociates during gating/opening 
of the channel. Additionally, in order for an MscL nanovalve to function, the C-terminus must 
remain stable, keeping the overall structure of the channel intact. 
 
3.1 Why the ABAQUS FE Software Package Was Used: 
A prominent reason for using ABAQUS for modelling nano and bio applications is that it offers 
better portals for user materials, user elements, user heat fluxes as well as the ability to be linked 
to FORTRAN subroutines. This feature is particularly important for the future improvement of 
the models, where nonconventional forces such as those caused by van der Waals interactions 
can be implemented on our system. Also shear locking and hourglassing are common is 
common numerical difficulty for most FE software especially in the case complex nonlinear 
geometries. By using the reduced integration and second order solid element in ABAQUS, these 
issues can be minimised (Sun EQ 2006).  
 
3.2 Modelling of C-terminus Domain: 
A Finite Element (FE) continuum-mechanics framework was used to enable modelling of the 
MscL C-terminal domain dynamics in order to determine the extent to which it contributes to 
the gating mechanism of the ion channel. For modelling purposes all the material properties 
and forces were converted to the Ångström scale due to the decision to let 1 unit in the software 
be equal to 1 Ångström (Å). 
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3.2.1 Helices: 
The complete three-dimensional MscL model of the channel embedded in the lipid bilayer, 
developed as part of this project (Figure 8), was constructed using ABAQUS commercial 
software by generating data points in space based on the -carbon backbone coordinates 
obtained from the 3D crystal structure of MscL (Walton and Rees 2013; Steinbacher et al. 
2007). These points do not have any properties other than position; consequently they do not 
affect the software calculations. One subunit containing the secondary structures of the MscL 
helices was modelled as elastic cylinder/rods, as previously described (Bavi et al. 2013; Bavi 
et al. 2016). Cylinders were extruded to the desired length for each rod in the MscL subunit. 
The dimensions of the rods for one subunit of MscL were: radius r = 2.5 Å, the lengths, N-
terminus = 18.65 Å, TM1 = 47.33 Å, TM2 = 42.51 Å, C-terminus = 36.06 Å.  
 
The loops joining the helices together were modelled as wires by connecting each -carbon 
backbone coordinate to the next in each respective loop chain. A cylindrical beam section 
profile with a radius of 1.43 Å was applied to each of these loops, in order to complete the MscL 
model geometry. This was done to simplify model construction and keep the screen less 
cluttered. It essentially transforms each wire into a cylinder with a radius of 1.43 Å and a depth 
relative to the length of each respective wire. To create the complete MscL conformation, the 
subunit was rotated about a central axis; Figure 8 shows the full MscL model.  
 
 
 
 
 
 
 
 
 
 
Figure 8: Side view of a subunit of MscL (left panel) and full MscL model without the lipid 
bilayer 
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3.2.2 Lipid Bilayer Construction: 
To account for the natural environment, the lipid bilayer, in which MscL sits, was introduced 
into the model (Figure 9). The lipid bilayer was assumed to behave as a sandwich plate having 
linear elastic behaviour. It is represented by a square with side lengths of 150 Å, which provides 
a sufficient distance between the channel and the edges of the bilayer to accommodate for a 
smooth transfer of mechanical force to the channel through the bilayer, and a depth of 35.9 Å, 
determined from the distance between the amino acid residues, which sit at the ends of the 
bilayer. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: Side view of the model with lipid bilayer. 
 
 
The elastic rod helices were placed in lipid cavities to intentionally avoid direct contact between 
the rod helices and the lipid bilayer, which could lead to analysis problems and unreliable 
results. It should however, be noted that, the rods in the FE model only represent the backbone 
structure of a helix. Therefore, the actual helical diameter with the side chains is almost double 
the backbone diameter. Hence, the diameter of the lipid cavities is almost twice the helix 
diameter. As a result of this there is a distance, no greater than 2.5-3.0 Å, between the MscL 
channel and the lipid bilayer (Figure 10) whereas in reality, the ion channel is directly 
embedded in the lipid bilayer. 
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Figure 10: Top (left panel) and magnified view of MscL model (right panel) showing the gap 
between the channel and the lipid bilayer. The white arrows indicate the helix which was 
magnified to show the gap between the helix and bilayer in the model. 
 
3.2.3 Tie Constraints: 
The lipid bilayer itself has been shown to behave as one of the major force bearing elements 
which transfers the membrane tension to the MscL channel (Sukharev et al. 1994). To achieve 
this in this model tie constraints were introduced, connecting the channel to the membrane at 
crucial points (Figure 11a, b, c). These crucial points are where the membrane and helices are 
parallel to each other, allowing for any force applied to the membrane to be transferred to the 
channel without relative motion. Tie constraints have a master-slave formulation where one 
surface is selected as a master and another, the slave. This prevents slave nodes from separating 
or sliding in relation to the master surface. Effectively, these two separate entities were bound 
together emulating the N-terminal and TM2 helix, and the tip/head of the TM1 helix being 
embedded in the lipid bilayer.  
 
 
 
 
 
 
 
 
Figure 11a: Tie constraint 
between TM1 and bilayer 
highlighted in red, perspective is 
from the top of the channel 
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3.3 Determining Material Properties: 
3.3.1 Helix Elastic Modulus: 
The Young’s moduli for the helices were determined from a paper by Bavi et al. (Figure 12), 
the values used were for Ec MscL as this is type of MscL which was modelled. In that paper 
the mean helical radius was 3Å however, in this project, only the radius of the helical backbone 
is considered (2.5Å). To adjust for this the values in Figure 12 were multiplied by a factor of 
1.44, which translates the values from the cross-sectional area used in the paper (3Å), to the 
one used in this project (2.5Å). The resulting elastic moduli were then converted to the 
Angstrom scale. The calculations for each Young’s modulus is given in equations 1-4 and a 
table collating all material properties used in the model can be found in Table 1. 
 
Figure 11b: Tie constraint 
between TM2 and bilayer 
highlighted in red, perspective is 
from the top of the channel 
 
Figure 11c: Tie constraint 
between N-terminus and bilayer 
highlighted in red, perspective is 
from underneath the channel 
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Figure 12: Values for Young’s modulus of EcMscL reported in the literature (Bavi et al. 
2016). 
 
N − terminus Youngᇱs Modulus: 0.35eଽ × 1.44 × (1eିଶ଴) = 5.04eିଵଶ (Eq. 1)  
TM1 Youngᇱs Modulus: 2.6eଽ × 1.44 × (1eିଶ଴) = 3.77eିଵଵ (Eq. 2)  
TM2 Youngᇱs Modulus: 3.4eଽ × 1.44 × (1eିଶ଴) = 4.9eିଵଵ (Eq. 3)  
C − terminus Youngᇱs Modulus: 7.7eଽ × 1.44 × (1eିଶ଴) = 11.09eିଵଵ (Eq. 4)  
 
3.3.2 Membrane Elastic Modulus: 
For the membrane elastic modulus, the neo-Hookean value for excised patches was used, 
4.3MPa (converting to Angström scale this becomes 4.3eିଵସ MPa), as determined by Bavi et 
al. (2014) (Figure 13). Neo-Hookean solids are a model of hyperelastic materials which can be 
used to calculate nonlinear stress-strain behaviour of materials undergoing large deformations. 
Additionally, the reason why the excised patch value was used is because the excised patch 
technique is a method where the membrane is removed from the main body of a cell (Hamill et 
al. 1981), which will give the best approximation for membrane elastic modulus.  
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Figure 13: Membrane elastic modulus values reported in the literature (Bavi et al. 2014). The 
value used is highlighted by the red oval. 
 
3.3.3 Loop Elastic Modulus:  
 
 
Figure 14: Approximation for the elastic modulus of loops reported in the literature (Chen et 
al. 2008).  
 
The material properties for the loops between the helices have not been explicitly determined 
experimentally. However, approximations were reported in the literature (Chen et al. 2008), 
which used computer modelling software has found relative Elastic moduli for the loops. Their 
assumption was that TM1 had the material properties of Aluminium, and thus, from the table 
in Figure 14, ratios for the Elastic Modulus (E) of the loops could be found. They were 
determined as follows: 
For TM1 to TM2 loop:  ଺ଽୋ୔ୟ
ଶ଴ୋ୔ୟ
= 3.45 ∴ divide the Elastic modulus of TM1 by 3.45.   
→ ଷ.଻ୣ
షభభ
ଷ.ସହ
= 1.1eିଵଵ(GPa) = Elastic modulus of TM1 − TM2 loop (Eq. 5)  
 
For TM1 to S1(N − terminus)loop:  ଺ଽୋ୔ୟ
ଵ଴ୋ୔ୟ
= 6.9 ∴ divide E of TM1  by 6.9.  
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→ ଷ.଻ୣ
షభభ
଺.ଽ
= 5.4eିଵଶ(GPa) = Elastic modulus of TM1 to N − terminus loop (Eq. 6)  
 
For TM2 to S3(C − terminus) loop:  ଺ଽୋ୔ୟ
ଵଶୋ୔ୟ
= 5.75 ∴
divide E of TM1 (insert value) by 5.75.  
→ ଷ.଻ୣ
షభభ
ହ.଻ହ
= 6.5eିଵଶ(GPa) = Elastic modulus of TM1 to C − terminus (Eq. 7)   
 
3.3.4 Poisson Ratio: 
To simulate the physiologically plausible deformation of the MscL channel, the rods, loops, 
and membrane in the model were set to be incompressible by assuming the Poisson’s ratio to 
be 0.5 (incompressible) (the software would only allow a maximum value of 0.49) resulting in 
large changes in pressure for a very small change in displacement of the rods.  
 
Table 1: Material properties used in C-terminus model 
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Young’s 
Modulus 
(۵۾܉) 
5.04eିଵଶ 3.77eିଵଵ 4.9eିଵଵ 11.09eିଵଵ 4.3eିଵସ 5.4eିଵଶ 1.1eିଵଵ 6.5eିଵଶ 
Poisson 
Ratio 
0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 
 
 
3.4 Explanation of Electrostatic Forces Modelled: 
The scope of the modelling focused on electrostatic and polar interactions between the C-
terminus residues. In the model the electrostatic forces are acting at the top, middle and bottom 
of the C-terminal bundle. These forces are comprised of the hydrogen bonds at the top and 
bottom belts, and the electrostatic salt-bridge interaction of the central belt with the RKKEE 
cluster. The electrostatic forces, given by Coulomb’s law (Eq. 8), DSSP (hydrogen bond/polar 
force estimation algorithm) (Eq. 11) and the Debye-Hückel relation (modification of 
Coulomb’s Law to take into account dielectric properties of electrolyte environment) (Eq. 16) 
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were modelled as nonlinear springs, in ABAQUS, because this is the primary method to 
introduce a nonlinear force into the FE model by way of using connector elements. 
 
 
3.4.1 Coulomb Force: 
In the vacuum environment the electrostatic interactions are governed by the Coulomb force 
equation. Combining the equation with the idea of likening the forces to a nonlinear spring, the 
equations for a linear spring described by Hooke’s Law, (F =  −kx, becomes F = − k × ଵ
୶మ
)in 
the case of Coulomb’s Law. The constant k becomes an amalgam of all the constants from the 
respective electrostatic force equations, as follows; 
 
Starting with the Coulomb law: 
F = − ଵ
ସ஠கబ∗க౨
୯భ୯మ
୰మ
  (Eq. 8)     
  
Where F is the force, q1 and q2 are charge values for the interacting electrons, ߝ଴ is the vacuum 
permittivity of space, ߝ௥ is the relative static permittivity (for vacuum this value is 1 and for 
water, 78, at room temperature), and r is the distance between the two charges. 
 
The distance variable is modified to (3 + r) to take into account the equilibrium position of 3 Å 
between the helices, allowing for zero force, so that at this position  
F = ൬
k
(3 + r)ଶ
൰  where k = − 
qଵqଶ
4πε଴ × ε୰
   (Eq. 9) 
 
The equilibrium position is necessary for model stability, more specifically, so that there is no 
initial force pushing or pulling the C-terminus bundle before the force has translated from the 
membrane to the bundle. 
 
In the case of the model simulated in pure water the vacuum permittivity of space is multiplied 
by the relative permittivity of water which has a value of 78. The resulting equation is; 
F = − 
1
4πε଴ × 78
qଵqଶ
(3 + r)ଶ
  (Eq. 10) 
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3.4.2 Hydrogen Bonds: 
The top and bottom belts of the C-terminus consist of hydrogen bond networks. In order to 
account for all hydrogen bonds encountered between the atoms in C-terminus residues the 
DSSP approximation was used. It is an algorithm which assigns secondary structure to amino 
acids in a protein and can be used for estimation of hydrogen bond energy (DSSP, Kabsch and 
Sander 1983).  
 
The DSSP equation is 
E = 0.084 ൬ ଵ
୰(ోొ)
+  ଵ
୰(ిౄ)
− ଵ
୰(ోౄ)
− ଵ
୰(ిొ)
൰ × 332 kcal/mol (Eq. 11) 
 
where E is energy, r(ON) r(CH) r(OH) and r(CN) are the distances between the coordinates of 
the interacting backbone atoms.     
 
Simplifying the equation by converting from kcal/mole to Joule, eliminating r(ON) r(CH) and 
r(CN) because only the OH backbone atoms will be modelled for the hydrogen interactions in 
the C-terminus, and deriving with respect to distance to find the force, yields: 
F = (1.9638216eିଵଽ) ቆ− ଵ
୰మ(ోౄ)(భ)
 − ଵ
୰మ(ోౄ)(మ)
− ଵ
୰మ(ోౄ)(య)
ቇ (Eq. 12) 
 
The distance variable is modified (based on the distances shown in Figure 5 B in the literature 
review) to take into account the equilibrium position between the helices, allowing for zero 
force, so that at this position  
 
F = (1.9638216eିଵ ) ቆ− ଵ
(ଶ.଼ା୰)మ(ోౄ)(భ)
 − ଵ
(ଷ.଴ା୰)మ(ోౄ)(మ)
− ଵ
(ଷ.ଶା୰)మ(ోౄ)(య)
ቇ (Eq. 13) 
 
The top hydrogen bond network is the only electrostatic belt with second neighbour interactions 
due to the close proximity of the reacting residues (Figure 5 B). In this case there are only two 
(OH) residues reacting, therefore equation 13 is modified to equation 14. 
F = (1.9638216eିଵଽ) ቆ− ଵ
(ଶ.ଽା୰)మ(ోౄ)(భ)
 − ଵ
(ଷ.ଵା୰)మ(ోౄ)(మ)
ቇ (Eq. 14) 
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The bottom hydrogen bond network hydrogen bond network has one interaction pair between 
each helix and they have an average distance of 3.2 Å between them (Figure 5 D), the equation 
13 was thus modified to: 
F = (1.9638216eିଵ ) ቆ− ଵ
(ଷ.ଶା୰)మ(ోౄ)(భ)
 ቇ (Eq. 15) 
Please note that there is no generally correct H-bond definition, as there is no sharp border 
between the quantum-mechanical and electrostatic regimes and no discontinuity of the 
interaction energy as a function of distance or alignment.  
 
3.4.3 Electrostatic Equations in Aqueous Electrolyte Environments: 
To determine the electrostatic and polar forces acting in the 3D MscL FE model in an electrolyte 
solution (0.3 mole KCl solution environment) the Debye-Hückel relation was used; it takes into 
account charged sites devoid of a finite size which are embedded in the dielectric continuum of 
water.  
                    Eଵ,ଶ =  
୯భ୯మୣ୶୮(ିச୰భ,మ)
க౨கబ୰భ,మ
 (Eq. 16) 
where ߢ is the inverse of the Debye length, r is the dielectric constant of water (78.0 at 298K), 
0 is the vacuum permittivity constant, which is the absolute dielectric permittivity of the 
classical vacuum and r is the distance between the two charges (Ma et al. 2009).  
 
At room temperature (25oC) and in water for 1:1 electrolytes the following relation can be 
applied (Iscraelachvili J 1985): 
                   κିଵ(nm) =  ଴.ଷ଴ସ
ඥ୍(୑)
   (Eq. 17) 
where -1 is expressed in nanometers and I is the ionic strength expressed in moles or mole/L, 
in this case I(M) is equal to 0.3. Deriving energy vs. distance, dU/dr, yields the electrostatic 
force taking into account the charged sites that are without a finite size embedded into the 
dielectric continuum of water, so that the force becomes: 
                                            Fଵ,ଶ = − 
ச୯భ୯మ ୣ୶୮൫ିச୰భ,మ൯
க౨கబ୰మభ,మ
 −  ୯భ୯మୣ୶୮(ିச୰భ,మ)
க౨கబ୰మభ,మ
 (Eq. 18) 
 
The distance variable is modified to (3 + r) to take into account the equilibrium position of 3 Å 
between the helices, allowing for zero force, so that at this position  
 
                                            Fଵ,ଶ = − 
ச୯భ୯మ ୣ୶୮൫ିச୰భ,మ൯
க౨கబ(ଷା୰)మభ,మ
 −  ୯భ୯మୣ୶୮(ିச୰భ,మ)
க౨கబ(ଷା୰)మభ,మ
 (Eq. 19) 
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3.5 Connector Elements: 
The electrostatic and polar forces were implemented in the model by using connector elements, 
which allow for a nonlinear elastic translation of force. When set up as an elastic translating 
element, the connectors permit the input of a force value with a corresponding displacement 
value, creating a table of data points which emulate a nonlinear force in the constitutive space. 
The table of data used for each interaction was calculated from the equations which govern the 
interaction behaviour explained in section 3.4. Each different C-terminus electrostatic 
interaction excel table used as the input for the connector elements is given in Appendix B.  
 
The positions where the connectors were applied are based on the crystallographic sites of the 
respective interacting amino acid residues. These positions were projected onto the surface of 
the helices/elastic rods, which means that the interacting sites in the model of the surface 
electrostatic points do not have the exact coordinates as the alpha carbons, however they deviate 
by less than 1 Å which, while an approximation, should not have a large effect on the 
simulation. In Figure 15b it can be seen that the central and bottom belts contain only first 
neighbour hydrogen bonds resulting in a pentagonal shape. The top belt has both first and 
second neighbour interactions thus looking like a star inside of a pentagon.   
 
 
 
Figure 15a: Side view of C-terminus structure with connectors implemented. The three 
electrostatic interaction belts can be seen as thin orange lines. 
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Figure 15b: Bottom view of C-terminus structure with connectors implemented. The top belt 
hydrogen bond network contains both first and second neighbour interactions and takes the 
shape of a 5 pointed star inside a pentagon. The central and bottom belts contain only first 
neighbour interactions and are pentagonal in shape. 
 
3.5.1 Proving Connector Elements Work: 
A separate simulation was developed to test whether the connector elements would behave as 
desired. This was done because the C-terminus model became too complicated to test connector 
behaviour in a simple manner. This simple simulation consisted of two cylinders attached 
together by a connector element whose properties were set up to mirror that of the KCl first 
neighbour attractive electrostatic force. The left cylinder was fixed in space while a 
displacement was applied to the right cylinder, stretching the connector (Figure 16). The 
connector was stretched approximately 5 units in the constitutive space. The results (Figure 
17) show that the output of the connector element matches that of the theoretical calculations 
determined from the Debye-Hückel relation. Initially the attractive force is quite high (-ve 
values mean attractive force) and then decreases as the distance between the two connected 
points increases, as expected from the equation. Note that the initial starting point of zero is the 
equilibrium point of zero force and zero displacement, which is necessary for the stability of 
the model. 
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Figure 16: Connector element test at rest (top image) and after a displacement was applied to 
the right cylinder (bottom image). 
 
 
 
Figure 17: Comparison between the first neighbour (attractive) electrostatic interaction force 
calculated in a KCl solution using the Debye-Hückel relation, and the software History output 
of force relative to the displacement between two helices. This simulation only contained two 
helices and one connector. The results were obtained using this method to implement a 
nonlinear force via connector elements, which match the expected values. 
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3.6 Loading and Constraints  
A pressure of 4MPa was applied to the sides of the lipid bilayer, acting normal to the surface, 
to simulate biaxial stretching of the membrane (Figure 18). The value of 4MPa was determined 
from the literature (Bavi et al. 2014) as the approximate pressure required to open the channel.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18: Side (top panel) and bottom views (bottom panel) of pressure load applied to the 
model 
 
3.7 Meshing:  
The auto mesh feature was used to create a mesh consisting of C3D10 tetra elements for the 
bulk of the model and B31 beam elements for the loops between the helices. The C3D10 
element is a ten node all-purpose tetrahedral element with 4 integration points. The B31 beam 
element is shear flexible element with linear interpolation and is the most commonly used 
general-purpose element for beams. Customised size settings were defined for the surface 
meshing in specific areas with the aim of improving the automated mesh by increasing the 
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number of nodes closer to the pore and around the connector element interaction sites (Figure 
19). A very fine mesh was not created in order to reduce computation time and because the 
accuracy of results relating to the displacement of nodes is not highly dependent on mesh size 
(Dutt A 2015). The total number of elements was 47041, and the total number of nodes was 
78072, for the model. 
 
Figure 19: Top view of the mesh with membrane (left panel) and side view of mesh without 
membrane (right panel)  
 
 
3.8 Results 
 Membrane tension of 17 mN/m (4MPa) was applied to open the channel during the FE 
modelling. Simulations for the three environments (vacuum, water and salt-water KCl solution) 
have been performed. The effects of these environments have been implicitly taken into account 
in the FE simulations as described. The side view of the open channel configuration (Figure 
20) shows that in this configuration the C-terminal helices (in natural salt environment) do not 
dissociate from each other but are rather held intact by the electrostatic and hydrogen bond 
interactions. The results of MscL in a pure water environment (Figure 21) are very similar to 
that of the KCl salt environment. Interestingly, the results of the simulation for MscL in vacuum 
(Figure 22) show that after opening of the channel, the tilt of the C-terminal is considerably 
more pronounced in vacuum as water mediated hydrogen bonding is absent in the top belt 
interactions. Furthermore, except for vacuum, in the other two environment cases the helices 
do not dissociate from each other but are rather held intact by the electrostatic and hydrogen 
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bond interactions. Table 2 collates the values obtained for the various parameters characteristic 
of MscL opening.  
Table 2: Various parameters characteristic of MscL opening 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20. C-terminal structural dynamics using finite element (FE) simulation for KCl 
environment. (A) Side and top views of the resting (closed) state and (B) open state of MscL is 
shown. In the open state (where the pore diameter is D  30 Å and the membrane thins from 35 
Å to ~ 30 Å), C-terminus has a slightly visible outward bending in the upper part of the C-
terminal helix compared to the resting (equilibrated) state, while the rest of the C-terminus does 
not change during the channel opening.  
Environment Lipid bilayer 
thinning due 
to membrane 
tension ( Å) 
Open state 
pore 
diameter ( 
Å) 
C-terminus open 
“pore” diameter 
(top of the C-
terminus) ( Å) 
Change in C-
terminus “pore” 
diameter (top of the 
C-terminus) ( Å) 
Vacuum 4.8 28.5 31.61 7.15 
Water 4.8 28.6 24.62 0.16 
KCl salt solution 4.7 28.8 24.65 0.19 
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Figure 21. C-terminal structural dynamics using finite element (FE) simulation for water 
environment. (A) Side and top views of the resting (closed) state and (B) open state of MscL 
is shown. In the open state (where the pore diameter is D  30 Å and the membrane thins 
from 35 Å to ~ 30 Å), C-terminus has a slightly visible outward bending in the upper part of 
the C-terminal helix compared to the resting (equilibrated) state, while the rest of the C-
terminus does not change during the channel opening. 
 
 
 
 
 
 
 
 
 
A B 
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Figure 22. C-terminal structural dynamics using finite element (FE) simulation for vacuum 
environment. (A) Side and top views of the resting (closed) state and (B) open state of MscL is 
shown. In the open state (where the pore diameter is D  30 Å and the membrane thins from 35 
Å to ~ 30 Å), C-terminus has a pronounced outward bending in the upper part and lower parts 
of the C-terminal helix compared to the resting (equilibrated) state, indicating dissociation.  
 
 
3.9 Convergence of Solution:  
There are two main sources of mathematical nonlinearities in FE simulations: i) material 
properties and ii) large deformations (geometrical). The latter is the case for the MscL 
simulations developed, as MscL gating is accompanied by a cascade of movements in a 
hierarchical manner. This attribute and the fact that the simulation is quasi-static, necessitates 
having a convergence test for the computational outcomes. Therefore, different simulations 
with different maximum time steps were run for the KCl environment, testing whether 
discontinuities occur as the simulations become more refined. The outcomes of the convergence 
A B 
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tests show that the solutions result in similar pore openings as represented in Table 3. This was 
performed to instil confidence in the FEM results from a mathematical viewpoint.  
 
Table 3: Convergence of solution using step size and corresponding open pore diameter 
 
 
 
 
 
 
 
 
From this it can be deduced that the solution has converged i.e. the values for pore diameter 
and lipid bilayer thickness are not changing much as the maximum step size of the solver is 
decreased. 
 
3.10 Discussion: 
To understand the structure and dynamics of the C-terminal domain of MscL, and its possible 
conformational changes between the closed and open channel structure, simulations were 
developed in three different environments, water, KCl, and vacuum. The results of the 
simulations for MscL in water and KCl solution are similar thus, the focus of the discussion 
will be on the KCl solution as it represents the physiological cellular environment of the 
channel. The results for MscL in a KCl solution (Figure 20) show that after the channel gates 
and opens, the pore diameter increases, TM1/TM2 helix tilt increases, and lipid bilayer 
thickness decreases. In order to determine whether gating was simulated correctly, Table 4 
compares the computational and experimental values for these properties. The comparison of 
the computational and experimental values for these properties shows a close agreement 
between the two. From this it is concluded that the gating was successfully simulated.  
 
 
 
 
 
 
Maximum Step Size Total Number of Steps Open state pore 
diameter ( Å) 
0.1 21 27.2 
0.05 29 27.4 
0.02 57 27.6 
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Table 4: Comparison of values from literature and project simulation 
This table is a comparison between values reported in the literature and project simulation 
(present study) for lipid bilayer thinning due to membrane tension, Open state pore diameter, 
Closed state TM1 helix tilt (relative to central axis), Closed state TM2 helix tilt (relative to 
central axis), Open state helix (relative to central axis), and Open state TM2 helix tilt (relative 
to central axis). 
 
It can be determined from the KCl simulation results (Figure 20) that there is only a slight 
change in the C-terminal bundle orientation after gating. The side view open channel 
configuration (Figure 20) shows that at the top of the C-terminus bundle, the helices bend ever 
so slightly outwards, away from each other, when compared to the side view of the closed 
channel configuration. Further, the helices do not dissociate from each other but are rather held 
intact by the electrostatic and hydrogen bond interactions. This is due to weak and unstable 
hydrogen bonds mediated by water molecules in this region (top belt). In contrast, the residues 
further along the C-terminal sequence remain assembled in a bundle as in the closed 
configuration of the channel (Figures 20 and 21) since there is a high inter-helical electrostatic 
(middle belt) and hydrogen bonding (bottom belt) in this region. These results are in a very 
good agreement with a recent FRET spectroscopic (Förster Resonance Energy Transfer) study 
suggesting that the C-terminal bundle should come apart at the top to create a larger entrance 
to the pore and allowing molecules to pass through the channel (Wray et al. 2016). However, 
the lower end of the bundle should remain intact preventing very large solutes entering the pore 
(Wang et al. 2014). The FE results in combination with the FRET findings suggest that the C-
terminus may function as a molecular sieve, which does not contribute significantly to the 
gating process in addition to its role as a stabilizer of the MscL pentameric/oligomeric structure, 
as previously reported (Ando et al. 2015). 
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Interestingly, the results obtained in the vacuum environment (Figure 22) show that the bundle 
does in fact dissociate at the top and bottom belts. This is due to the lack of hydrogen bond 
networks in a vacuum, since there are no hydrogen atoms present in the environment to facilitate 
these interactions. The central belt still remains as a constraining element in the model due to 
high inter-helical electrostatic interactions. While this is purely theoretical simulation and does 
not reflect actual conditions for MscL, it indicates that the top and bottom hydrogen bond 
networks are integral in keeping the C-terminus bundle from dissociating, stabilising MscL.  
 
In conclusion, the results of this study strongly indicate that the C-terminal domain of MscL 
forms an -helical bundle in both open and closed configuration of the channel and does not 
dissociate during gating. This suggests that it stabilises the oligomeric structure of the channel 
and may serve as a molecular sieve which can prevent large molecules from escaping during 
hypo-osmotic shock. 
 
3.11 Sources of Error: 
The DSSP hydrogen bond assumption is most likely to be the largest source of error introduced 
during the modelling process. As stated in the DSSP hydrogen bond section of this report “there 
is no generally correct H-bond definition, as there is no sharp border between the quantum-
mechanical and electrostatic regimes and no discontinuity of the interaction energy as a function 
of distance or alignment”. It is impossible to seamlessly model such behaviour using Finite 
Element Analysis. Typically, this type of behaviour is modelled using Molecular Dynamics 
Simulations which take into account atomistic behaviour. To circumvent this issue, the closest 
estimate, in the form of an equation, for the hydrogen bond behaviour was found to be the DSSP 
approximation. It is possible that this method led to a stronger or weaker estimation of the 
hydrogen bond energy than is actually present in the top and bottom belts of the C-terminal 
bundle electrostatic interactions.  
 
A major assumption in order to simplify the construction of the FE model, was to not include 
the side-chains, which spread out at particular points from the helices. The rods of the model 
only represent the backbone structure of the helices (having a radius of 2.5 Å). The actual helical 
radius is approximately 5 Å, which is double the backbone when including the side chains. To 
take this into account lipid cavities were created between the channel and the membrane, 
connected by tie constraints, effectively emulating the N-terminus, TM1, and TM2 helices, 
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being embedded in the lipid bilayer, as in the cellular environment. In the case of the C-terminus 
bundle, the interacting side-chains were taken into account by the connector elements, which 
were adjusted so that they acted over the distance between the side-chains and not between the 
helices, as shown in visualisations of the model. Such assumptions were made due to the 
difficulty in effectively modelling complex geometries at such small scales and thus might have 
lead to inexact results. However, the function of the model was to obtain a rough estimate of 
how the C-terminus bundle might behave during gating. 
 
It was found that the tie constraints implemented into the model did not cover an equal area, 
some sections had a little more of their area tied than others due to the way the model was 
constructed. This did not adversely affect the simulation, however it was seen that the channel 
did not open in a perfectly even manner, several of the helices moved more than the others, but 
the difference was within 2 Å and thus could be neglected. 
 
Another possible source of error may stem from the limited mesh refinement. Coarse meshes 
by nature lead to approximate results as they do not accurately obtain information from detailed 
areas. The most affected results from coarse meshing are typically stress values, conversely 
deflection results are only marginally affected by mesh size. This is due to stresses not being 
predicted as accurately as deflections/displacements in Finite Element Analysis theory (Dutt A 
2015). Since the focus of the modelling was to observe the deflection of the channel and C-
terminal bundle during gating, the meshing did not need to be excessively fine. 
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CHAPTER FOUR: 
N-TERMINUS  
 
The aim of the second part of the project is to determine whether the channel can be opened by 
only applying stress (mechanical force) to the N-terminal domain. This second part is one of 
the first steps in determining whether a magnetically triggered MscL nanovalve is feasible. The 
Finite Element continuum-mechanics framework used for modelling C-terminus was also used 
to model the N-terminal domain contribution to gating in order to determine whether or not the 
channel can be opened by only pulling on the N-terminus. The model developed in the C-
terminus portion of this project was used and adapted for this aim.  
 
4.1 Modification of the C-terminus Model 
The lipid bilayer and tie constraints were removed from the model to simplify the simulation 
(Figure 23). These elements of the C-terminus model are unnecessary for the N-terminus model 
as the focus is on the N-terminus and not the modelling membrane dynamics. Additionally, by 
removing the lipid bilayer, the chance of similarities occurring is reduced since with the bilayer 
present it would be difficult to apply a force or displacement to the N-terminus without the N-
terminus warping the surrounding geometry and causing issues, leading to distorted results. 
 
 
Figure 23: Modified C-terminus model for the N-terminus portion of the project. Lipid 
bilayer has been removed. 
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The C-terminus electrostatic interactions were also removed to further simplify the simulation, 
reducing the number of calculations the software must complete. This could be done since it 
was shown in C-terminus chapter that the C-terminus bundle does not dissociate and does not 
greatly contribute to gating. Additionally, it is hypothesised that when only pulling on the N-
terminus, the force will not propagate through the channel to the C-terminus bundle. 
 
4.1.1 Introduction of Spring Element Between the N-terminus and TM1: 
The N-domain, previously referred to in literature as the S1 domain, is a portion of the MscL 
subunit comprised of 14 amino acids (Iscla et al. 2008). The N-terminal helix is attached to the 
pore lining of the TM1 helix by a glycine residue functioning as a hinge. The “glycine hinge” 
is a major element which aids in the transfer of force from the bilayer to the channel via the N-
terminus. Glycine is the smallest and most flexible amino acid (due to its lack of a sidechain, 
which in the case of glycine is a single hydrogen atom), and thus it allows the N-terminus to 
guide the first transmembrane helix (TM1) into an open conformation, shown in Figure 24 
(Bavi et al. 2016). 
 
Figure 24: Sketch showing how, once force is applied to the N-terminus, TM1 is guided into 
an open conformation (Bavi et al. 2016). 
 
A spring element was introduced between the N-terminus and TM1 which aims to emulate the 
glycine hinge located between the two. This was done because a linear spring allows for rotation 
at each end of the element while also allowing for stretching/compression of the element. This 
is necessary in order to allow for the N-terminus and TM1 to move in any desired direction 
relative to each other. The spring element used is called SPRINGA and acts between two nodes, 
with the line joining the two nodes being the line of action, to facilitate the line rotating in large-
displacement analysis. The linear spring stiffness is defined by specifying a fixed spring 
stiffness which is a force per relative displacement. The input of a spring constant k can include 
the elastic properties of the glycine hinge when the equation is modified (Eq. 22). The 
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development of the spring stiffness equation, taking into account Young’s Modulus was as 
follows:  
 
Spring Force: F = k∆x   (Eq. 20) 
 where k is the stiffness and ∆x is the change in length of the spring  
 
Youngᇱs Modulus: E =
σ
ε
=
F
A
×
L
dL
  (Eq. 21)  
 
Where σ is stress, ε is strain, F is force, A is cross-sectional area, L is length, and dL is the 
change in length. Therefore: 
ݔ = ݀ܮ → ܧ =
݇
ܣ
× ܮ → ݇ =
ܧܣ
ܮ
  (Eq. 22) 
 
This value for the spring stiffness, when taking into account the Young’s Modulus of the glycine 
hinge, was found to be k = (5.43݁ଵଶ)(6.4)/(6.415) = 5.417݁ଵଶ.  
 
Initially, only one spring per subunit was introduced into the model, between the N-terminus 
and TM1, from the central point of both facing surfaces of the helices. However, it was thought 
that there could be excessive warping/stretching of the material surrounding the spring since 
they were attached to only one point on each helix. To reduce this potential problem two 
additional springs per subunit were introduced into the model, above and below the initial 
spring (Figure 25). Consequently, the stiffness of each spring was a third of the stiffness 
calculated from equation 22 (i.e. it changed from 5.417݁ଵଶ to approximately 1.805݁ଵଶ). The top 
view of the model shows all fifteen springs (three per subunit) in-between the respective N-
terminal domains and the five TM1 first transmembrane helices.   
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Figure 25: Top view (top panel) showing all 15 springs (purple lines) and a close-up (bottom 
panel) showing the three springs per subunit.  
 
4.1.2 Introduction of van der Waals Interactions into Model: 
The inner pore, consisting of the first trans-membrane helix (TM1), is constrained by a “lock” 
comprised of a set of van der Waals forces. Although van der Waals forces are considerably 
weaker than the other forces which control protein conformation, the large number of van der 
Waals interactions can contribute significantly to protein conformation. In essence, the outcome 
of this portion of the project is to determine how much force is required to overcome the van 
der Waals pore lock, leading to an open channel conformation. 
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Van der Waals interactions are comprised of two components; the complete energy of van der 
Waals interaction forces can be approximated by the Lennard-Jones approximation (Kessel A 
2010): 
E୴ୢ୵ ≈  
Aଵ,ଶ
rଵ,ଶଵଶ
−
Bଵ,ଶ
rଵ,ଶ଺
   (Eq. 23) 
where A and B are the constants of the repulsive and attractive interactions (respectively), and 
r is the distance between the interacting atoms (Kessel A 2010).  
Van der Waals interactions are relatively short-ranged compared to the typical electrostatic 
interaction. These interactions are very strong at close distances but drop off very quickly as 
the distance between the interacting regions increases because of the large exponents in the 
equation. 
To obtain force contribution from the van der Waals interaction, the energy equation is derived 
with respect to distance: 
F୴ୢ୵ ≈  
−12 × Aଵ,ଶ
rଵ,ଶଵଷ
+
6 × Bଵ,ଶ
rଵ,ଶ଻
   (Eq. 24) 
The van der Waals forces are located between hydrophobic residues located at the narrowest 
part of the pore between each TM1 helix. To find the exact location and behaviour of these 
interactions, data from a molecular dynamics simulations was used (Figures 26-29) (provided 
by Navid Bavi of the VCCRI). They show that there are 4 distinct interactions per subunit, 
totalling 20 interactions (5 subunits multiplied by 4 interactions) for the entire van der Waals 
pore lock. These interactions are between: 
 Alanine 20 of the primary TM1 (A20A) and Glycine 22 of the first neighbour TM1 
helix (G22B) 
 Valine 23 of the primary TM1 helix (V23A) and Glycine 26 of the first neighbour 
TM1 helix (G26B) 
 Leucine 19 of the primary TM1 helix (L19A) and Leucine 19 of the first neighbour 
TM1 helix (L19B) 
 Valine 23 of the primary TM1 helix (V23A) and Valine 26 of the first neighbour TM1 
helix (V26B) 
The data from the molecular dynamics simulations give the interaction force between the 
respective residues, over a distance.  
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Figure 26: Molecular dynamics simulation data of van der Waals interaction between A20A 
and G22B 
 
 
Figure 27: Molecular dynamics simulation data of van der Waals interaction between V23A 
and G26B 
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Figure 28: Molecular dynamics simulation data of van der Waals interaction between L19A 
and L19B 
 
 
Figure 29: Molecular dynamics simulation data of van der Waals interaction between V23A 
and V23B 
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4.2 Curve Fitting of Molecular Dynamics Data: 
The results take the form of a van der Waals curve, as such, to obtain a specific equation per 
interaction using a MATLAB curve fitting tool. Cftool is the MATLAB application which 
provides a graphical interface where curve equations can be fit to data and plots. Additionally, 
Cftool evaluates the goodness of fits using residuals and prediction bounds. Equation 25 was 
fit to each set of data, the resulting graphs are given in Figures 30-33 and values for the 
variables A and B are given in both the respective figure legends and Table 5.  
 
F୴ୢ୵ ≈  
−12 × A୧୨
r୧୨ଵଷ
+
6 × B୧୨
r୧୨଻
    (Eq. 25) 
 
The complete Cftool user interface figures for each interaction are given in Appendix C. 
 
 
Figure 30: Force vs Distance for the van der Waals interaction between A20A and G22B. To 
improve the goodness of fit and obtain a smooth equation, certain points were excluded. The 
value of the variable A was found to be -0.01188 and for B, -2.157e-06. The plot has an adjusted 
R-square value of 0.8895.  
CHAPTER 4: N-TERMINUS  
60 
 
Figure 31: Force vs Distance for the van der Waals interaction between V23A and G26B. To 
improve the goodness of fit and obtain a smooth equation, certain points were excluded. The 
value of the variable A was found to be -0.2654 and for B, -8.698e-06. The plot has an adjusted 
R-square value of 0.9221. 
Figure 32: Force vs Distance for the van der Waals interaction between L19A and L19B. To 
improve the goodness of fit and obtain a smooth equation, certain points were excluded. The 
value of the variable A was found to be -4.277 and for B, -4.522e-05. The plot has an adjusted 
R-square value of 0.6796.  
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Figure 33: Force vs Distance for the van der Waals interaction between V23A and V23B. To 
improve the goodness of fit and obtain a smooth equation, certain points were excluded. The 
value of the variable A was found to be -7.293 and for B, -5.368e-05. The plot has an adjusted 
R-square value of 0.7937.  
 
Table 5: Values determined by curve fitting for the variables A and B 
 A20A-G22B V23A-G26B L19A-L19B V23A-V23B 
ۯ૚,૛ -0.01188 -0.2654 -4.277 -7.293 
۰૚,૛ -2.157e-06 -8.698e-06 -4.522e-05 -5.368e-05 
 
 
4.3 Application of van der Waals Interactions in Model: 
The van der Waals interactions were implemented in the model by using connector elements, 
in the same manner as in the C-terminus model. As previously stated, connectors allow for a 
nonlinear elastic translation of force. When set up as an elastic translating element, the 
connectors permit the input of a force value with a corresponding displacement value, creating 
a table of data points which emulate a nonlinear force in the constitutive space. The table of 
data used for each interaction was calculated from the equations which govern the interaction 
behaviour explained in section 4.1.2. Each of the N-terminus van der Waals interactions tables 
used as the connector element inputs are given in Appendix D.  
 
CHAPTER 4: N-TERMINUS  
62 
 
The positions where the connectors were applied were based on the crystallographic sites of the 
respective interacting amino acid residues. The interactions appear as 4 concentric pentagonal 
“belts” around the inner pore of the channel (Figure 34). 
 
Equation 25 was further modified to take into account the equilibrium distance for each 
interaction (d), shown in equation 26. The values for the equilibrium distance were set to be the 
distance between each end of the interactions respectively. They are 4.717 for A20A-G22B, 
6.275 for V23A-G26B, 7.577 for L19A-L19B, and 8.048 for V23A-V23B. 
   
F୴ୢ୵ ≈  
−12 × Aଵ,ଶ
(d + rଵ,ଶ)ଵଷ
+
6 × Bଵ,ଶ
(d + rଵ,ଶ)଻
   (Eq. 26) 
 
 
 
 
 
  
 
 
 
Figure 34: Close up (left panel) of the connector elements and top view (right panel) showing 
the concentric and even distribution of the connector elements around the pore of the channel.   
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4.4 Meshing 
The meshing of the N-terminal domain model followed a similar process as performed for the 
C-terminus model, the same elements were used, a C3D10 tetra element for the bulk of the 
model and B31 beam elements for the loops between the helices, except for the glycine hinge 
between the N-terminus and TM1 which is a spring element in this model. The N-terminus and 
TM1 were made to have a considerably finer mesh while the other helices were given a minimal 
mesh as they do not play a large role in the simulation and are hypothesised to not move much 
during the gating simulation (Figure 35), as they are not being directly affected by the 
displacement boundary condition applied to the N-terminal domain. The total number of 
elements was 125980, and the total number of nodes was 197746, for the model. 
 
 
Figure 35: Side view (left panel) and top view (right panel) of the mesh developed for the N-
terminus model. The N-terminus and the regions surrounding van der Waals interactions have 
a considerably finer mesh than other sections. The C-terminus bundle has the coarsest mesh 
due to not being a significant factor in the simulation. 
 
 
4.5 Loading and Constraints: 
To ground the model and aid in solution convergence a boundary condition, which sets 
displacement and rotation to zero, was applied to the bottom of the C-terminus bundle. This 
assumption was based on the results of the C-terminus portion of the project, which found that 
the C-terminus bundle does not move or dissociate during gating.  
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Displacement boundary conditions were applied to each N-terminus to move them from their 
initial position to a final position which would, in principle, open the channel (Figure 37). The 
components for the boundary conditions to be applied to the five N-terminal domains were 
developed from the previous C-terminus model. It was hypothesised that by developing the 
boundary conditions on the open conformation of the C-terminus model (which successfully 
simulated gating), it would be possible to open the channel. The boundary condition 
components were based on the change in vector between the open and closed state of the 
respective TM1 helices for each subunit (Figure 36). That is, since the open conformation of 
the channel is predominantly based on the position of TM1, the change in TM1 tilt was 
converted into a final vector and this vector was applied to the N-terminus of that subunit.  
  
 
Figure 36: Change in position of the TM1 helix. (1 is the top of the initial TM1 helix, 2 is the 
bottom of the same helix state. 3 is the top of the final TM1 helix, 4 is the bottom of the same 
helix state).  
 
Calculation of the vector change of TM1 for 1 subunit of MscL  
ݒොଵ,ଶ = (ݔଶ − ݔଵ, ݕଶ − ݕଵ, ݖଶ − ݖଵ)  (Eq. 27)  
ݒොଷ,ସ = (ݔସ − ݔଷ, ݕସ − ݕଷ, ݖସ − ݖଷ)  (Eq. 28)  
∴ ∆ݒො =  ݒොଷ,ସ − ݒොଵ,ଶ = (−3.13, 9.09, −7.44)  (Eq. 29) 
This process was repeated for each subunit of the channel resulting in a vector for each N-
terminus. The full calculations for each subunit are given in Appendix E. The magnitude of 
displacement boundary conditions was the magnitude of the vectors, so for the vector calculated 
above, the corresponding N-terminus was told to move -3.13 units in the x direction, 9.09 units 
in the y direction, and -7.44 units in the z direction.  
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Figure 37: Side view (left panel) and top view (right panel) showing the locations and vector 
directions of the boundary conditions applied to each N-terminus. 
 
 
4.6 Results 
The first simulation run resulted in only minor conformational changes of the channel (Figure 
38). The pore diameter increased by 3.6 Å, from 11.4 to 15. This is about half of the desired 
open pore size of 28 to 30 Å. To test whether more force/displacement was required, the 
magnitude of the boundary condition vectors was doubled. This did not lead to any change in 
the diameter of the pore, in fact, the N-terminal domains began to deform to a point where they 
would have physically unravelled. This led to the conclusion that the van der Waals forces were 
possibly so strong that they counteracted the applied displacements. To test this idea, the van 
der Waals interactions were weakened incrementally to determine whether there was a fraction 
of the interactions where the pore would open. The fractions of force chosen to illustrate this 
approach were 100% of vdW interaction (full strength), 50% of interaction (half strength), 2% 
of vdW interaction (one fiftieth strength), and 1% of vdW interaction (one hundredth strength) 
(Figures 38-41). From this approach it was found that at 1% of vdW interaction strength, the 
channel pore opened to a diameter of 23 Å. A further reduction in vdW interaction to 0.5% did 
not effect a wider pore opening (data not shown). The reaction force due to the displacement, 
in each spring, was also calculated and tabulated (Table 6), giving a rough idea of how much 
force is necessary to reach the respective states of pore opening. Table 6 also collates the values 
obtained for the various parameters characteristic for the pore size of MscL. 
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Figure 38. N-terminal structural dynamics using finite element (FE) simulation for 100% 
vdW force case. (A) Side and top views of the resting (closed) state and (B) maximal open 
state of MscL is shown. The pore opened to a diameter of 15 Å (red circle) and there is a slight 
outward bending of the TM1 helices. N-terminus is shown as brown, TM1 as blue, TM2 as 
grey, C-terminus as green. 
 
 
 
 
A B 
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Figure 39. N-terminal structural dynamics using finite element (FE) simulation for 50% 
VdW force case. (A) Side and top views of the resting (closed) state and (B) maximal open 
state of MscL is shown. The pore opened to a diameter of 15.4 Å (red circle) and there is a 
slight outward bending of the TM1 helices. N-terminus is shown as brown, TM1 as blue, TM2 
as grey, C-terminus as green. 
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Figure 40. N-terminal structural dynamics using finite element (FE) simulation for 2% 
VdW force case. (A) Side and top views of the resting (closed) state and (B) maximal open 
state of MscL is shown. The pore opened to a diameter of 17 Å (red circle) and there is a slight 
outward bending of the TM1 helices. N-terminus is shown as brown, TM1 as blue, TM2 as 
grey, C-terminus as green. 
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Figure 41. N-terminal structural dynamics using finite element (FE) simulation for 1% 
VdW force case. (A) Side and top views of the resting (closed) state and (B) maximal open 
state of MscL is shown. The pore opened to a diameter of 23 Å (red circle) and there is a slight 
outward bending of the TM1 helices.  
 
Table 6: Various characteristic parameters of MscL opening 
Percentage of 
van der Waals 
interaction 
Pore 
Radius of 
Closed 
Channel 
(Å) 
Pore 
Radius of 
open 
Channel 
(Å) 
Pore 
Diameter 
of Open 
Channel 
(Å) 
Stretch of 
spring (Å) 
Force from 
spring (pN) 
100% 5.7 7.5 15.0 1.67 9.07  
50% 5.7 7.7 15.4 2.77 15.01 
2% 5.7 8.5 17.0 2.80 15.2  
1% 5.7 11.5 23.0 1.20 6.504 
A B 
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4.7 Discussion: 
To determine whether the WT MscL channel (original non-mutated form of the channel) can 
be opened by pulling only on the N-terminal domain, simulations were developed in this part 
of the project for several different strengths of van der Waals interaction by examining the 
channel opening at 100%, 50%, 2%, and 1% of the initially applied full vdW interaction force. 
The results showed that the full force van der Waals interaction pore lock was too strong to be 
overcome by the boundary conditions applied to each N-terminus. A progressive reduction in 
the interaction strength showed that the force was distributed between deformation of the N-
terminus and partial opening of the pore (Table 6). Using the progressive reduction approach 
it was determined that at 1% of the initial interaction strength, the pore could be opened to 
approximately 23 Å in diameter, which closely corresponds to the fully open MscL pore of 28 
Å in diameter (Corry et al. 2010; Wang et al. 2014). The TM1 and TM2 helices tended to bend 
outwards, away from the pore such that the higher up the TM1 helix the interactions are the 
further they are from the force/displacement application, which means that the constriction of 
the pore is maintained higher up the TM1 helix. Additionally, reducing the interaction strength 
to 0.5%, the pore size did not increase, further indicating that the location of interactions plays 
a major role in pore constriction. 
 
The reaction force in the springs did not correspond to the original expectation, meaning that 
the highest reaction force would be in the 100% case and lowest in the 1% case. The possible 
reason for the discrepancy between the expectation and the result is that while, the spring force 
should decrease as van der Waals interactions force decreases, at full strength, the interaction 
was so strong that the N-terminus deforms so much that the spring does not extent much. Also, 
the values for spring force in the 100%, 50%, and 2% cases are higher than the force required 
to deform the N-terminal domain which is greater than 7pN (N. Bavi personal communication). 
This result further indicates that reducing the van der Waals interaction force may be necessary 
to facilitate opening of the channel via force application to the only N-terminal domain.  
 
Despite not managing to gate the channel to the fully open pore conformation the FE N-terminal 
model indicates that the MscL nanovalve can be opened to 80% of its maximal capacity by just 
applying the force to (pulling on) the N-terminus. This level of MscL opening would still allow 
different types of drugs used, for example, in cancer chemotherapy to flow through the channel 
pore. On the other hand the modelling results also indicate that besides pulling on the N-
terminus additional force would have to be applied to another portion of MscL to achieve the 
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full opening of the channel. Indeed, several studies have shown that hydrophobic residues in 
the TM2 helix, which is facing the lipid bilayer, participate in the transmission of the membrane 
tension gating the channel and causing it to open (Yoshimura and Sokabe 2010). In addition, 
the modelling suggests that using MscL gain-of-function (GOF) mutants, which are easier to 
open because they have a lower threshold of activation by mechanical force compared to the 
WT, would result in reduction of vdW strength. Consequently, pulling on the N-terminus of 
GOF mutant channels could be sufficient to fully open their pore to the full extent 
corresponding to a pore of 28-30 Å in diameter.  
 
 
4.8 Sources of Error 
Since the model used for the N-terminus simulations was based on the C-terminus model, the 
major assumption to not include the side chains in the model, still applies. The rods of the model 
only represent the backbone structure of the helices (having a radius of 2.5 Å). Such 
assumptions were made due to the difficulty in effectively modelling complex geometries at 
such small scales and may lead to inexact results. However, the function of the model was to 
obtain a rough estimate on whether the channel can be opened by only applying force to the N-
terminal domain. 
 
Another possible source of error may stem from the limited mesh refinement. Coarse meshes 
by nature lead to approximate results as they do not accurately obtain information from detailed 
areas. The most affected results from coarse meshing are typically stress values, conversely 
deflection results are only marginally affected by mesh size. This is due to stresses not being 
predicted as accurately as deflections/displacements in finite element analysis theory (Dutt A 
2015). Since the focus of the modelling was to observe the deflection of the channel and C-
terminal bundle during gating, the meshing did not need to be excessively fine. 
 
Using the curve fitted equations instead of the raw molecular dynamics simulation data for the 
van der Waals interactions was an approximation to smooth out the highly nonlinear behaviour 
exhibited in Figures 25-28. By having an equation, the chances of singularities occurring in the 
model was reduced, due to a significant reduction in the number of times the forces were 
oscillating from repulsive to attractive. Furthermore, the equation allowed for the calculation 
of interaction forces in a larger range than given in the molecular simulation data.  Additionally, 
excluding outliers during the curve fitting process was necessary to improve the math between 
raw data and goodness of fit. 
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As done in implementing the connector elements used for the electrostatic interactions in the 
C-terminus model, an equilibrium point of zero force and zero displacement was necessary. In 
the case of the van der Waals interactions, this equilibrium point was left to be the crossover 
point, the actual zero force point in Figures 30-33, from the repulsive (+ve) to the attractive (-
ve) behaviour.  
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CHAPTER FIVE: 
CONCLUSION 
 
There were two major aims of this project; (i) to develop an FE model of the bacterial MscL 
channel, which can address the controversy surrounding the structural dynamics of the C-
terminal domain, and (ii) to determine whether MscL can be opened by only applying 
mechanical force to the N-terminal domain. Both of these aims have merit toward the ultimate 
goal of developing a bacterial mechanosensitive ion channels nanovalve for specific and 
targeted drug delivery purposes.  
By using FE analysis it was found that the C-terminus bundle does not dissociate during gating 
of MscL in both a KCl (potassium chloride) aqueous solution and pure water. In these two 
cases, the three interaction belts constrained the bundle and prevented any significant change 
in bundle conformation. Contrary to expectation, the results of the simulation for MscL in a 
vacuum exhibited dissociation of the top and bottom regions of the bundle; in this case the top 
hydrogen network was not present due to the lack of an aqueous environment surrounding the 
channel. This indicates that the top hydrogen bond network plays an integral role in maintaining 
bundle structure during gating and consequently, stabilising the oligomeric structure of the 
entire channel.  
The FE model developed for the C-terminus portion of the project was modified to further 
explore whether applying force, by way of displacement boundary conditions, directly to the 
N-terminal domain of the WT MscL can open the channel. It was found that the van der Waals 
interactions, determined from molecular dynamics simulation data, were too strong, thus 
leading to a limited pore opening. A steady reduction in van der Waals forces showed that as 
the interaction strength decreased, the pore size increased. At 1% of the initially calculated 
interaction strength the pore reached a maximum diameter of 23 Å (80% of maximal capacity). 
It was also determined that the force required to reach this level of opening would be 
approximately 6.5 pN, which is less than the force at which the N-terminus deformation leads 
to loss of its function (7pN). The force for the Van der Waals interactions in other cases 
exceeded 6.5 pN significantly, which would most likely cause the N-terminus to deform and 
cease functioning properly in an actual MscL channel.      
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Despite not succeeding to fully open the MscL channel the FE N-terminal model shows that the 
MscL nanovalve could be opened to 80% of its maximal capacity by just pulling on the N-
terminal domain. This is a significant finding because it strongly suggests that the N-terminus 
is the major mechanosensory structural domain of MscL. It also suggests that applying the force 
to the N-terminus only would be sufficient to deliver some of the various drugs through an 
MscL nanovalve for use in cancer chemotherapy. More importantly, the N-terminal FE model 
indicates that to fully operate a MscL nanovalve by pulling on the N-terminus only GOF 
mutants would have to be employed rather than the WT MscL channel, since in a WT MscL-
based nanovalve the force would have to be applied to the other MscL structural domains, in 
particular the transmembrane TM2 helix.  
 
 
5.1 Recommendations for Further Research: 
To further confirm the results obtained by the finite element analysis of both parts of the project, 
molecular dynamics simulations, focusing on the C-terminus bundle and application of force to 
the N-terminus, could be run. Although this could be computationally quite expensive, the 
results obtained in this project are limited by the finite element method, which is not capable of 
taking into account the atomistic details that are necessary to completely model the behaviour 
at such small scales.  
 
To open the pore completely in the N-terminus finite element model, a boundary condition 
displacement could be applied to the F78 (phenylalanine 78) residue of the second trans-
membrane helices (TM2). It has been proposed by Yoshimura and Sokabe (2010) that this 
particular residue also plays a noteworthy role in the activation and gating mechanism of MscL. 
  
It would also be important to investigate experimentally whether magnetic particles could be 
attached to the N-terminus to fully open a GOF MscL mutant, which would require balancing 
the mechanosensitive properties of the mutant and the magnetic field forces to achieve the 
desired level of the channel opening. Consequently, the major engineering challenge for a future 
MscL nanovalve would be to generate a channel mutant which has a lower opening threshold, 
as indicated by results from this thesis, but also does not spontaneously open after any 
perturbation but only from magnetic pulling on the N-terminus.  
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APPENDIX A: 
GLOSSARY 
  
Alpha-carbon backbone (-carbon backbone): Central carbon atoms around which a side 
chain and other chemical groups are arranged in an amino acid. 
Amino Acid/Residues: The building blocks of peptides and proteins. All proteins in living 
organisms are made of a combination of 20 different amino acids.   
Amphipathic Helix: A helix containing both hydrophobic (nonpolar) and hydrophilic (polar) 
ends. 
Angström (unit) (Å):  1 Angström is equal to 0.1 nanometers. 
C-terminus: A bundle of five alpha helices located on the cytoplasmic side of the channel. 
Cytoplasm: A thick solution composed of water, salts, and proteins, which is the filling for 
each cell and is contained by the cell membrane. 
Dalton (unit): A measure of the molecular weight of substances. 
Debye-Hückel theory of electrolytes: A theoretical explanation for the non-ideal nature of 
mixed electrolyte solutions. 
DSSP (Database of secondary structure assignments for all protein entries): An algorithm 
system and database of secondary structure assignments for protein entries 
Eukaryotic vs Prokaryotic cells: Animal and plant cells (which contain a nucleus, 
mitochondria, chloroplasts, and a cell wall) are eukaryotic while bacteria and Archaea are 
prokaryotic cells.  
Finite Element Analysis: Is a computerised system used to determine approximate solutions 
to differential equations with boundary values. This approach can greatly help in determining 
how a particular structure reacts to physical effects such as forces and vibrations. 
First Neighbour Interaction: The interaction between one helix and its nearest adjacent 
helices. 
Gain of Function Mutant: Mutations of MscL which are easier to open because they have a 
lower threshold of activation by mechanical force compared to wild type MscL. 
Gating: The mechanism by which MscL opens and closes in response to hypo-osmotic shock, 
regulating the flow of ions and osmolytes through its central pore. 
Gram-negative bacteria: These are bacteria whose cell envelope consists of two cell 
membranes. Outer membrane and inner membrane are separated by a periplasmic space. Gram-
negative bacteria do not retain the violet stain when the gram staining method used to 
differentiate bacteria from one another is applied to them. 
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Hydrophilic: Hydrophilic substances are charged or polar, attracted to water, and thus do not 
disrupt the structure of water. 
Hydrophobic: Hydrophobic substances are nonpolar, repulsed by water, and thus do not mix 
well with water as they disrupt the structure of water. 
Hydrophobic effect: The tendency of nonpolar substances to collect in aqueous solution, 
excluding the surrounding water molecules. 
Hypo-osmotic shock: The abrupt change in the solute concentration around a cell from high 
osmolarity to low osmolarity, resulting in an increase of intracellular turgor pressure of a cell 
exposed to the shock. 
Mutagenesis: The process by which an organism’s genetic information is changed, creating a 
stable mutation. 
N-terminus: Short amphipathic alpha helix at the beginning of each subunit of MscL. 
Oligomer: A molecule which is made from several monomer units. This is in contrast to 
polymers which consist of many monomer units. 
Osmolytes: A substance which binds with water molecules and affects osmosis 
Periplasm: is a gel-like matrix situated between the inner (cytoplasmic) membrane and the 
outer membrane in Gram-negative bacteria. 
Phospholipid Molecules:  Fatty acids made from chains of both carbon and hydrogen 
molecules 
Polypeptide Chains: Chains of amino acids. 
Protein Homologues: Proteins which have identical or similar amino acid sequence to the 
original protein 
RKKEE cluster: The RKKEE charge cluster located in the central interactive belt of the C-
terminus and is comprised of five amino acids, they are; one Arginine (R), two Lysines (K), 
and two Glutamic acids (E).   
Second Neighbour Interactions: The interaction between a helix and the second nearest 
helices. 
Transmembrane Helix: Alpha helix spanning the membrane bilayer.
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APPENDIX B:  
CONNECTOR INPUT C-TERMINUS 
 
1. KCl Interaction 
                                            ܨଵ,ଶ = − 
఑௤భ௤మ ୣ୶୮൫ି఑௥భ,మ൯
ఌೝఌబ(ଷା௥)మభ,మ
 −  ௤భ௤మ௘௫௣(ି఑௥భ,మ)
ఌೝఌబ(ଷା௥)మభ,మ
   
This equation was used to calculate the KCl first neighbour interaction for a range of distances 
from -2.5 to 8 with increments of 0.5 except near the equilibrium points where points of -0.1 
and 0.1 were added to smoothen the transition from –ve displacement to +ve displacement. 
 
Table 7: KCl interaction                                         Figure 42: KCl connector input 
Distance 
from 
Equilibrium 
(A)  
Force (N) 
-2.5 -1.48645E-08 
-2 -3.71613E-09 
-1.5 -1.65161E-09 
-1 -9.29033E-10 
-0.5 -5.94581E-10 
-0.1 -4.4187E-10 
0 0 
0.1 -3.86694E-10 
0.5 -3.03358E-10 
1 -2.32258E-10 
1.5 -1.83513E-10 
2 -1.48645E-10 
2.5 -1.22847E-10 
3 -1.03226E-10 
3.5 -8.79557E-11 
4 -7.58394E-11 
4.5 -6.60645E-11 
5 -5.80645E-11 
5.5 -5.14343E-11 
6 -4.58781E-11 
6.5 -4.1176E-11 
7 -3.71613E-11 
7.5 -3.37064E-11 
8 -3.07118E-11 
 
 
 
 
 
 
 
 
 APPENDIX B: CONNECTOR INPUT FOR C-TERMINUS  
 
82 
 
2. Hydrogen Top Belt First Neighbour Interaction 
ܨ = (1.9638216݁ିଵଽ) ቆ− ଵ
(ଶ.଼ା௥)మ(ೀಹ)(భ)
 − ଵ
(ଷ.଴ା௥)మ(ೀಹ)(మ)
− ଵ
(ଷ.ଶା௥)మ(ೀಹ)(య)
ቇ  
 
This equation was used to calculate the hydrogen bond first neighbour interaction at the top belt 
for a range of distances from -2.5 to 8 with increments of 0.5 except near the equilibrium points 
where points of -0.1 and 0.1 were added to smoothen the transition from –ve displacement to 
+ve displacement. 
 
Table 8: Hydrogen first neighbour             Figure 43: Hydrogen first neighbour connector input 
 
 
 
 
 
 
 
 
 
 
Distance 
from 
equilibrium 
(A) 
Force (N) 
-2.5 -3.32E-08 
-2 -6.31E-09 
-1.5 -2.68E-09 
-1 -1.48E-09 
-0.5 -9.42E-10 
-0.1 -6.98E-10 
0 0 
0.1 -6.10E-10 
0.5 -4.78E-10 
1 -3.65E-10 
1.5 -2.88E-10 
2 -2.33E-10 
2.5 -1.93E-10 
3 -1.62E-10 
3.5 -1.38E-10 
4 -1.19E-10 
4.5 -1.04E-10 
5 -9.10E-11 
5.5 -8.06E-11 
6 -7.19E-11 
6.5 -6.45E-11 
7 -5.82E-11 
7.5 -5.28E-11 
8 -4.81E-11 
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3. Hydrogen Top Belt Second Neighbour Interaction 
ܨ = (1.9638216݁ିଵଽ) ቆ− ଵ
(ଶ.ଽା௥)మ(ೀಹ)(భ)
 − ଵ
(ଷ.ଵା௥)మ(ೀಹ)(మ)
ቇ  
This equation was used to calculate the hydrogen second neighbour interaction for the top 
interaction belt for a range of distances from -2.5 to 8 with increments of 0.5 except near the 
equilibrium points where points of -0.1 and 0.1 were added to smoothen the transition from –
ve displacement to +ve displacement. 
 
Table 9: Hydrogen second neighbour          Figure 44: Hydrogen second neighbour connector input 
 
Distance from 
equilibrium (A) 
Force (N) 
-2.5 -2.21627E-08 
-2 -4.20844E-09 
-1.5 -1.78598E-09 
-1 -9.8882E-10 
-0.5 -6.28253E-10 
-0.1 -4.65351E-10 
0 0 
0.1 -4.06756E-10 
0.5 -3.18521E-10 
1 -2.43493E-10 
1.5 -1.92187E-10 
2 -1.55555E-10 
2.5 -1.28486E-10 
3 -1.07919E-10 
3.5 -9.1924E-11 
4 -7.924E-11 
4.5 -6.90127E-11 
5 -6.06451E-11 
5.5 -5.37125E-11 
6 -4.79045E-11 
6.5 -4.29903E-11 
7 -3.87953E-11 
7.5 -3.51859E-11 
8 -3.20578E-11 
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4. Hydrogen Bottom Belt Interaction 
ܨ = (1.9638216݁ିଵଽ) ቌ−
1
(3.2 + ݎ)ଶ(ைு)(ଵ)
 ቍ 
This equation was used to calculate the bottom belt hydrogen interaction for a range of distances 
from -2.5 to 8 with increments of 0.5 except near the equilibrium points where points of -0.1 
and 0.1 were added to smoothen the transition from –ve displacement to +ve displacement. 
 
Table 10: Hydrogen bottom belt interaction       Figure 45: Hydrogen bottom connector input 
Distance from 
equilibrium (A) 
Force (N) 
-2.5 -3.95554E-09 
-2 -1.34598E-09 
-1.5 -6.70663E-10 
-1 -4.00458E-10 
-0.5 -2.65873E-10 
-0.1 -2.01687E-10 
0 0 
0.1 -1.77981E-10 
0.5 -1.41579E-10 
1 -1.09876E-10 
1.5 -8.77418E-11 
2 -7.16796E-11 
2.5 -5.96558E-11 
3 -5.04219E-11 
3.5 -4.3177E-11 
4 -3.73884E-11 
4.5 -3.26904E-11 
5 -2.88253E-11 
5.5 -2.56073E-11 
6 -2.28995E-11 
6.5 -2.05996E-11 
7 -1.86295E-11 
7.5 -1.69291E-11 
8 -1.54513E-11 
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5. Vacuum Central Belt Interaction 
F = ൬
k
(3 + r)ଶ
൰  where k = − 
qଵqଶ
4πε଴ × 1
 
 
This equation was used to calculate the central belt electrostatic interaction for a vacuum 
environment over a range of distances from -2.5 to 8 with increments of 0.5 except near the 
equilibrium points where points of -0.1 and 0.1 were added to smoothen the transition from –
ve displacement to +ve displacement. 
 
Table 11: Vacuum interaction                    Figure 46: Vacuum connector input 
 
 
 
 
 
 
 
 
 
 
 
 
Distance from 
equilibrium (A) 
Force (N) 
-2.5 -9.23E-08 
-2 -2.31E-08 
-1.5 -1.03E-08 
-1 -5.77E-09 
-0.5 -3.69E-09 
-0.1 -2.74E-09 
0 0 
0.1 -2.40E-09 
0.5 -1.88E-09 
1 -1.44E-09 
1.5 -1.14E-09 
2 -9.23E-10 
2.5 -7.63E-10 
3 -6.41E-10 
3.5 -5.46E-10 
4 -4.71E-10 
4.5 -4.10E-10 
5 -3.60E-10 
5.5 -3.19E-10 
6 -2.85E-10 
6.5 -2.56E-10 
7 -2.31E-10 
7.5 -2.09E-10 
8 -1.91E-10 
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6. Water Central Belt Interaction 
ܨ = − 
1
4ߨߝ଴ × 78
ݍଵݍଶ
(3 + ݎ)ଶ
 
This equation was used to calculate the central belt electrostatic interaction in a pure water 
environment over a range of distances from -2.5 to 8 with increments of 0.5 except near the 
equilibrium points where points of -0.1 and 0.1 were added to smoothen the transition from –
ve displacement to +ve displacement. 
 
Table 12: Water interaction                        Figure 47: Water connector input 
Distance from 
equilibrium (A) 
Force (N) 
-2.5 -1.18E-09 
-2 -2.96E-10 
-1.5 -1.32E-10 
-1 -7.40E-11 
-0.5 -4.74E-11 
-0.1 -3.52E-11 
0 0 
0.1 -3.08E-11 
0.5 -2.42E-11 
1 -1.85E-11 
1.5 -1.46E-11 
2 -1.18E-11 
2.5 -9.78512E-12 
3 -8.22E-12 
3.5 -7.00E-12 
4 -6.04E-12 
4.5 -5.26E-12 
5 -4.63E-12 
5.5 -4.10E-12 
6 -3.65E-12 
6.5 -3.28E-12 
7 -2.96E-12 
7.5 -2.68E-12 
8 -2.45E-12 
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CFTOOL INTERFACE FIGURES 
  
Figure 48: A20A- G22B 
 
 
 
 
Figure 49: V23A-G26B 
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Figure 50: L19A-L19B 
 
 
 
 
 
Figure 51: V23A-V23B 
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APPENDIX D:  
CONNECTOR INPUTS N-TERMINUS 
 
1. A20A-G22B 
F୴ୢ୵ ≈  
−12 × Aଵ,ଶ
(d + rଵ,ଶ)ଵଷ
+
6 × Bଵ,ଶ
(d + rଵ,ଶ)଻
 
F୴ୢ୵ ≈  
−12 × (−0.01188)
(4.717 + rଵ,ଶ)ଵଷ
+
6 × (−2.157eି଺)
(4.717 + rଵ,ଶ)଻
 
This equation was used to calculate the vdW interaction for A20A-G22B for a range of 
distances from -1 to 8 with increments of 0.1. 
Table 13: Calculated data sets for van der Waals interaction between A20A and G22B 
Distance from 
equilibrium point 
           100% 
vdW 
          50% vdW   2% vdW 1% vdW 
-1 4.19411E-09 2.09705E-09 8.38822E-11 4.19411E-11 
-0.9 2.80855E-09 1.40428E-09 5.61711E-11 2.80855E-11 
-0.8 1.87518E-09 9.3759E-10 3.75036E-11 1.87518E-11 
-0.7 1.24355E-09 6.21774E-10 2.4871E-11 1.24355E-11 
-0.6 8.14756E-10 4.07378E-10 1.62951E-11 8.14756E-12 
-0.5 5.23206E-10 2.61603E-10 1.04641E-11 5.23206E-12 
-0.4 3.25034E-10 1.62517E-10 6.50069E-12 3.25034E-12 
-0.3 1.90693E-10 9.53466E-11 3.81386E-12 1.90693E-12 
-0.2 1.00141E-10 5.00707E-11 2.00283E-12 1.00141E-12 
-0.1 3.97043E-11 1.98522E-11 7.94087E-13 3.97043E-13 
0 0 0 0 0 
0.1 -2.54351E-11 -1.27176E-11 -5.08702E-13 -2.54351E-13 
0.2 -4.10755E-11 -2.05378E-11 -8.2151E-13 -4.10755E-13 
0.3 -5.0024E-11 -2.5012E-11 -1.00048E-12 -5.0024E-13 
0.4 -5.44379E-11 -2.72189E-11 -1.08876E-12 -5.44379E-13 
0.5 -5.58182E-11 -2.79091E-11 -1.11636E-12 -5.58182E-13 
0.6 -5.52088E-11 -2.76044E-11 -1.10418E-12 -5.52088E-13 
0.7 -5.33337E-11 -2.66669E-11 -1.06667E-12 -5.33337E-13 
0.8 -5.06936E-11 -2.53468E-11 -1.01387E-12 -5.06936E-13 
0.9 -4.76319E-11 -2.38159E-11 -9.52637E-13 -4.76319E-13 
1 -4.43816E-11 -2.21908E-11 -8.87632E-13 -4.43816E-13 
1.1 -4.10988E-11 -2.05494E-11 -8.21976E-13 -4.10988E-13 
1.2 -3.78851E-11 -1.89425E-11 -7.57701E-13 -3.78851E-13 
1.3 -3.48044E-11 -1.74022E-11 -6.96087E-13 -3.48044E-13 
1.4 -3.18944E-11 -1.59472E-11 -6.37887E-13 -3.18944E-13 
1.5 -2.91747E-11 -1.45874E-11 -5.83495E-13 -2.91747E-13 
1.6 -2.6653E-11 -1.33265E-11 -5.33059E-13 -2.6653E-13 
1.7 -2.43283E-11 -1.21641E-11 -4.86566E-13 -2.43283E-13 
1.8 -2.21948E-11 -1.10974E-11 -4.43896E-13 -2.21948E-13 
1.9 -2.02432E-11 -1.01216E-11 -4.04864E-13 -2.02432E-13 
2 -1.84624E-11 -9.23122E-12 -3.69249E-13 -1.84624E-13 
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2.1 -1.68406E-11 -8.42028E-12 -3.36811E-13 -1.68406E-13 
2.2 -1.53653E-11 -7.68267E-12 -3.07307E-13 -1.53653E-13 
 
2.3 
-1.40247E-11 -7.01237E-12 -2.80495E-13 -1.40247E-13 
2.4 -1.28072E-11 -6.40362E-12 -2.56145E-13 -1.28072E-13 
2.5 -1.17019E-11 -5.85094E-12 -2.34038E-13 -1.17019E-13 
2.6 -1.06985E-11 -5.34923E-12 -2.13969E-13 -1.06985E-13 
2.7 -9.78754E-12 -4.89377E-12 -1.95751E-13 -9.78754E-14 
2.8 -8.96044E-12 -4.48022E-12 -1.79209E-13 -8.96044E-14 
2.9 -8.2092E-12 -4.1046E-12 -1.64184E-13 -8.2092E-14 
3 -7.5266E-12 -3.7633E-12 -1.50532E-13 -7.5266E-14 
3.1 -6.90606E-12 -3.45303E-12 -1.38121E-13 -6.90606E-14 
3.2 -6.34164E-12 -3.17082E-12 -1.26833E-13 -6.34164E-14 
3.3 -5.82795E-12 -2.91397E-12 -1.16559E-13 -5.82795E-14 
3.4 -5.36013E-12 -2.68007E-12 -1.07203E-13 -5.36013E-14 
3.5 -4.9338E-12 -2.4669E-12 -9.8676E-14 -4.9338E-14 
3.6 -4.54501E-12 -2.2725E-12 -9.09002E-14 -4.54501E-14 
3.7 -4.19019E-12 -2.0951E-12 -8.38038E-14 -4.19019E-14 
3.8 -3.86614E-12 -1.93307E-12 -7.73228E-14 -3.86614E-14 
3.9 -3.56996E-12 -1.78498E-12 -7.13992E-14 -3.56996E-14 
4 -3.29905E-12 -1.64953E-12 -6.5981E-14 -3.29905E-14 
4.1 -3.05107E-12 -1.52553E-12 -6.10213E-14 -3.05107E-14 
4.2 -2.82389E-12 -1.41195E-12 -5.64778E-14 -2.82389E-14 
4.3 -2.61562E-12 -1.30781E-12 -5.23123E-14 -2.61562E-14 
4.4 -2.42452E-12 -1.21226E-12 -4.84905E-14 -2.42452E-14 
4.5 -2.24906E-12 -1.12453E-12 -4.49812E-14 -2.24906E-14 
4.6 -2.08782E-12 -1.04391E-12 -4.17564E-14 -2.08782E-14 
4.7 -1.93954E-12 -9.6977E-13 -3.87908E-14 -1.93954E-14 
4.8 -1.80308E-12 -9.01539E-13 -3.60615E-14 -1.80308E-14 
4.9 -1.67739E-12 -8.38696E-13 -3.35478E-14 -1.67739E-14 
5 -1.56155E-12 -7.80774E-13 -3.1231E-14 -1.56155E-14 
5.1 -1.4547E-12 -7.27348E-13 -2.90939E-14 -1.4547E-14 
5.2 -1.35607E-12 -6.78033E-13 -2.71213E-14 -1.35607E-14 
5.3 -1.26496E-12 -6.32479E-13 -2.52992E-14 -1.26496E-14 
5.4 -1.18074E-12 -5.90371E-13 -2.36148E-14 -1.18074E-14 
5.5 -1.10284E-12 -5.51419E-13 -2.20567E-14 -1.10284E-14 
5.6 -1.03072E-12 -5.15362E-13 -2.06145E-14 -1.03072E-14 
5.7 -9.63924E-13 -4.81962E-13 -1.92785E-14 -9.63924E-15 
5.8 -9.02004E-13 -4.51002E-13 -1.80401E-14 -9.02004E-15 
5.9 -8.4457E-13 -4.22285E-13 -1.68914E-14 -8.4457E-15 
6 -7.91261E-13 -3.95631E-13 -1.58252E-14 -7.91261E-15 
6.1 -7.41749E-13 -3.70874E-13 -1.4835E-14 -7.41749E-15 
6.2 -6.95734E-13 -3.47867E-13 -1.39147E-14 -6.95734E-15 
6.3 -6.52941E-13 -3.26471E-13 -1.30588E-14 -6.52941E-15 
6.4 -6.13121E-13 -3.06561E-13 -1.22624E-14 -6.13121E-15 
6.5 -5.76044E-13 -2.88022E-13 -1.15209E-14 -5.76044E-15 
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6.6 -5.41501E-13 -2.7075E-13 -1.083E-14 -5.41501E-15 
6.7 -5.09298E-13 -2.54649E-13 -1.0186E-14 -5.09298E-15 
6.8 -4.7926E-13 -2.3963E-13 -9.5852E-15 -4.7926E-15 
6.9 -4.51225E-13 -2.25612E-13 -9.02449E-15 -4.51225E-15 
7 -4.25044E-13 -2.12522E-13 -8.50088E-15 -4.25044E-15 
7.1 -4.00581E-13 -2.0029E-13 -8.01162E-15 -4.00581E-15 
7.2 -3.77711E-13 -1.88855E-13 -7.55422E-15 -3.77711E-15 
7.3 -3.56318E-13 -1.78159E-13 -7.12636E-15 -3.56318E-15 
7.4 -3.36296E-13 -1.68148E-13 -6.72592E-15 -3.36296E-15 
7.5 -3.17547E-13 -1.58774E-13 -6.35094E-15 -3.17547E-15 
7.6 -2.99982E-13 -1.49991E-13 -5.99963E-15 -2.99982E-15 
7.7 -2.83516E-13 -1.41758E-13 -5.67032E-15 -2.83516E-15 
7.8 -2.68074E-13 -1.34037E-13 -5.36147E-15 -2.68074E-15 
7.9 -2.53584E-13 -1.26792E-13 -5.07167E-15 -2.53584E-15 
8 -2.39981E-13 -1.1999E-13 -4.79961E-15 -2.39981E-15 
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2. V23A-G26B 
F୴ୢ୵ ≈  
−12 × Aଵ,ଶ
(d + rଵ,ଶ)ଵଷ
+
6 × Bଵ,ଶ
(d + rଵ,ଶ)଻
 
F୴ୢ୵ ≈  
−12 × (−0.2654)
(6.275 + rଵ,ଶ)ଵଷ
+
6 × (−8.698eି଺)
(6.275 + rଵ,ଶ)଻
 
This equation was used to calculate the vdW interaction for V23A-G26B for a range of 
distances from -1 to 8 with increments of 0.1. 
 
Table 14: Calculated data sets for van der Waals interaction between V23A and G26B 
Distance from 
equilibrium point 
100% vdW 50% vdW 2% vdW 1% vdW 
-1 8.42592E-10 4.21296E-10 1.68518E-11 8.42592E-12 
-0.9 6.17123E-10 3.08562E-10 1.23425E-11 6.17123E-12 
-0.8 4.48536E-10 2.24268E-10 8.97072E-12 4.48536E-12 
-0.7 3.22382E-10 1.61191E-10 6.44763E-12 3.22382E-12 
-0.6 2.27982E-10 1.13991E-10 4.55965E-12 2.27982E-12 
-0.5 1.57413E-10 7.87064E-11 3.14825E-12 1.57413E-12 
-0.4 1.04767E-10 5.23834E-11 2.09534E-12 1.04767E-12 
-0.3 6.56278E-11 3.28139E-11 1.31256E-12 6.56278E-13 
-0.2 3.66816E-11 1.83408E-11 7.33632E-13 3.66816E-13 
-0.1 1.54332E-11 7.71661E-12 3.08665E-13 1.54332E-13 
0 0 0 0 0 
0.1 -1.10434E-11 -5.52168E-12 -2.20867E-13 -1.10434E-13 
0.2 -1.87764E-11 -9.38821E-12 -3.75528E-13 -1.87764E-13 
0.3 -2.40197E-11 -1.20099E-11 -4.80394E-13 -2.40197E-13 
0.4 -2.73971E-11 -1.36985E-11 -5.47942E-13 -2.73971E-13 
0.5 -2.93833E-11 -1.46917E-11 -5.87667E-13 -2.93833E-13 
0.6 -3.03399E-11 -1.517E-11 -6.06799E-13 -3.03399E-13 
0.7 -3.05421E-11 -1.5271E-11 -6.10841E-13 -3.05421E-13 
0.8 -3.0199E-11 -1.50995E-11 -6.0398E-13 -3.0199E-13 
0.9 -2.94697E-11 -1.47348E-11 -5.89393E-13 -2.94697E-13 
1 -2.84744E-11 -1.42372E-11 -5.69487E-13 -2.84744E-13 
1.1 -2.73039E-11 -1.3652E-11 -5.46079E-13 -2.73039E-13 
1.2 -2.60265E-11 -1.30133E-11 -5.2053E-13 -2.60265E-13 
1.3 -2.46929E-11 -1.23464E-11 -4.93858E-13 -2.46929E-13 
1.4 -2.33406E-11 -1.16703E-11 -4.66812E-13 -2.33406E-13 
1.5 -2.19969E-11 -1.09985E-11 -4.39938E-13 -2.19969E-13 
1.6 -2.06815E-11 -1.03407E-11 -4.13629E-13 -2.06815E-13 
1.7 -1.94078E-11 -9.70392E-12 -3.88157E-13 -1.94078E-13 
1.8 -1.81852E-11 -9.09261E-12 -3.63704E-13 -1.81852E-13 
1.9 -1.70194E-11 -8.50968E-12 -3.40387E-13 -1.70194E-13 
2 -1.59135E-11 -7.95673E-12 -3.18269E-13 -1.59135E-13 
2.1 -1.48689E-11 -7.43443E-12 -2.97377E-13 -1.48689E-13 
2.2 -1.38855E-11 -6.94275E-12 -2.7771E-13 -1.38855E-13 
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2.3 -1.29623E-11 -6.48115E-12 -2.59246E-13 -1.29623E-13 
2.4 -1.20975E-11 -6.04874E-12 -2.4195E-13 -1.20975E-13 
2.5 -1.12888E-11 -5.64441E-12 -2.25776E-13 -1.12888E-13 
2.6 -1.05337E-11 -5.26686E-12 -2.10674E-13 -1.05337E-13 
2.7 -9.82947E-12 -4.91473E-12 -1.96589E-13 -9.82947E-14 
2.8 -9.17322E-12 -4.58661E-12 -1.83464E-13 -9.17322E-14 
2.9 -8.56213E-12 -4.28107E-12 -1.71243E-13 -8.56213E-14 
3 -7.99341E-12 -3.9967E-12 -1.59868E-13 -7.99341E-14 
3.1 -7.46432E-12 -3.73216E-12 -1.49286E-13 -7.46432E-14 
3.2 -6.97222E-12 -3.48611E-12 -1.39444E-13 -6.97222E-14 
3.3 -6.51462E-12 -3.25731E-12 -1.30292E-13 -6.51462E-14 
3.4 -6.08912E-12 -3.04456E-12 -1.21782E-13 -6.08912E-14 
3.5 -5.69347E-12 -2.84674E-12 -1.13869E-13 -5.69347E-14 
3.6 -5.32556E-12 -2.66278E-12 -1.06511E-13 -5.32556E-14 
3.7 -4.98339E-12 -2.49169E-12 -9.96678E-14 -4.98339E-14 
3.8 -4.66511E-12 -2.33256E-12 -9.33022E-14 -4.66511E-14 
3.9 -4.36899E-12 -2.1845E-12 -8.73798E-14 -4.36899E-14 
4 -4.09342E-12 -2.04671E-12 -8.18685E-14 -4.09342E-14 
4.1 -3.8369E-12 -1.91845E-12 -7.67381E-14 -3.8369E-14 
4.2 -3.59804E-12 -1.79902E-12 -7.19609E-14 -3.59804E-14 
4.3 -3.37556E-12 -1.68778E-12 -6.75111E-14 -3.37556E-14 
4.4 -3.16824E-12 -1.58412E-12 -6.33649E-14 -3.16824E-14 
4.5 -2.975E-12 -1.4875E-12 -5.95E-14 -2.975E-14 
4.6 -2.7948E-12 -1.3974E-12 -5.58961E-14 -2.7948E-14 
4.7 -2.62671E-12 -1.31335E-12 -5.25342E-14 -2.62671E-14 
4.8 -2.46984E-12 -1.23492E-12 -4.93967E-14 -2.46984E-14 
4.9 -2.32338E-12 -1.16169E-12 -4.64676E-14 -2.32338E-14 
5 -2.18659E-12 -1.09329E-12 -4.37317E-14 -2.18659E-14 
5.1 -2.05877E-12 -1.02938E-12 -4.11754E-14 -2.05877E-14 
5.2 -1.93928E-12 -9.69642E-13 -3.87857E-14 -1.93928E-14 
5.3 -1.82754E-12 -9.1377E-13 -3.65508E-14 -1.82754E-14 
5.4 -1.72299E-12 -8.61496E-13 -3.44599E-14 -1.72299E-14 
5.5 -1.62513E-12 -8.12567E-13 -3.25027E-14 -1.62513E-14 
5.6 -1.5335E-12 -7.66748E-13 -3.06699E-14 -1.5335E-14 
5.7 -1.44765E-12 -7.23823E-13 -2.89529E-14 -1.44765E-14 
5.8 -1.36718E-12 -6.83592E-13 -2.73437E-14 -1.36718E-14 
5.9 -1.29174E-12 -6.45868E-13 -2.58347E-14 -1.29174E-14 
6 -1.22096E-12 -6.10482E-13 -2.44193E-14 -1.22096E-14 
6.1 -1.15454E-12 -5.77272E-13 -2.30909E-14 -1.15454E-14 
6.2 -1.09218E-12 -5.46092E-13 -2.18437E-14 -1.09218E-14 
6.3 -1.03361E-12 -5.16806E-13 -2.06722E-14 -1.03361E-14 
6.4 -9.78572E-13 -4.89286E-13 -1.95714E-14 -9.78572E-15 
6.5 -9.2683E-13 -4.63415E-13 -1.85366E-14 -9.2683E-15 
6.6 -8.78168E-13 -4.39084E-13 -1.75634E-14 -8.78168E-15 
6.7 -8.32384E-13 -4.16192E-13 -1.66477E-14 -8.32384E-15 
6.8 -7.89289E-13 -3.94644E-13 -1.57858E-14 -7.89289E-15 
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6.9 -7.48708E-13 -3.74354E-13 -1.49742E-14 -7.48708E-15 
7 -7.1048E-13 -3.5524E-13 -1.42096E-14 -7.1048E-15 
7.1 -6.74454E-13 -3.37227E-13 -1.34891E-14 -6.74454E-15 
7.2 -6.40488E-13 -3.20244E-13 -1.28098E-14 -6.40488E-15 
7.3 -6.08453E-13 -3.04226E-13 -1.21691E-14 -6.08453E-15 
7.4 -5.78227E-13 -2.89113E-13 -1.15645E-14 -5.78227E-15 
7.5 -5.49696E-13 -2.74848E-13 -1.09939E-14 -5.49696E-15 
7.6 -5.22755E-13 -2.61378E-13 -1.04551E-14 -5.22755E-15 
7.7 -4.97306E-13 -2.48653E-13 -9.94613E-15 -4.97306E-15 
7.8 -4.73258E-13 -2.36629E-13 -9.46515E-15 -4.73258E-15 
7.9 -4.50523E-13 -2.25262E-13 -9.01046E-15 -4.50523E-15 
8 -4.29024E-13 -2.14512E-13 -8.58047E-15 -4.29024E-15 
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3. L19A-L19B 
F୴ୢ୵ ≈  
−12 × Aଵ,ଶ
(d + rଵ,ଶ)ଵଷ
+
6 × Bଵ,ଶ
(d + rଵ,ଶ)଻
 
F୴ୢ୵ ≈  
−12 × (−4.277)
(7.577 + rଵ,ଶ)ଵଷ
+
6 × (−4.522eିହ)
(8.048 + rଵ,ଶ)଻
 
This equation was used to calculate the vdW interaction for L19A-L19B for a range of distances 
from -1 to 8 with increments of 0.1. 
 
Table 15: Calculated data sets for van der Waals interaction between L19A and L19B 
Distance from 
equilibrium point 
100% vdW 50% vdW 2% vdW              1% 
vdW 
-1 6.82222E-10 3.41111E-10 1.36444E-11 6.82222E-12 
-0.9 5.20977E-10 2.60488E-10 1.04195E-11 5.20977E-12 
-0.8 3.9414E-10 1.9707E-10 7.8828E-12 3.9414E-12 
-0.7 2.94399E-10 1.47199E-10 5.88798E-12 2.94399E-12 
-0.6 2.16033E-10 1.08017E-10 4.32067E-12 2.16033E-12 
-0.5 1.54556E-10 7.72781E-11 3.09112E-12 1.54556E-12 
-0.4 1.06439E-10 5.32196E-11 2.12878E-12 1.06439E-12 
-0.3 6.89019E-11 3.44509E-11 1.37804E-12 6.89019E-13 
-0.2 3.97482E-11 1.98741E-11 7.94963E-13 3.97482E-13 
-0.1 1.72401E-11 8.62003E-12 3.44801E-13 1.72401E-13 
0 0 0 0 0 
0.1 -1.30668E-11 -6.53342E-12 -2.61337E-13 -1.30668E-13 
0.2 -2.28296E-11 -1.14148E-11 -4.56592E-13 -2.28296E-13 
0.3 -2.99812E-11 -1.49906E-11 -5.99623E-13 -2.99812E-13 
0.4 -3.50733E-11 -1.75367E-11 -7.01467E-13 -3.50733E-13 
0.5 -3.85462E-11 -1.92731E-11 -7.70925E-13 -3.85462E-13 
0.6 -4.07509E-11 -2.03755E-11 -8.15019E-13 -4.07509E-13 
0.7 -4.19676E-11 -2.09838E-11 -8.39352E-13 -4.19676E-13 
0.8 -4.24197E-11 -2.12099E-11 -8.48394E-13 -4.24197E-13 
0.9 -4.22855E-11 -2.11427E-11 -8.45709E-13 -4.22855E-13 
1 -4.17068E-11 -2.08534E-11 -8.34135E-13 -4.17068E-13 
1.1 -4.07966E-11 -2.03983E-11 -8.15931E-13 -4.07966E-13 
1.2 -3.96445E-11 -1.98222E-11 -7.92889E-13 -3.96445E-13 
1.3 -3.83214E-11 -1.91607E-11 -7.66427E-13 -3.83214E-13 
1.4 -3.68833E-11 -1.84416E-11 -7.37666E-13 -3.68833E-13 
1.5 -3.53741E-11 -1.76871E-11 -7.07482E-13 -3.53741E-13 
1.6 -3.38282E-11 -1.69141E-11 -6.76563E-13 -3.38282E-13 
1.7 -3.2272E-11 -1.6136E-11 -6.45439E-13 -3.2272E-13 
1.8 -3.07259E-11 -1.5363E-11 -6.14518E-13 -3.07259E-13 
1.9 -2.92054E-11 -1.46027E-11 -5.84108E-13 -2.92054E-13 
2 -2.77219E-11 -1.38609E-11 -5.54437E-13 -2.77219E-13 
2.1 -2.62837E-11 -1.31418E-11 -5.25674E-13 -2.62837E-13 
2.2 -2.48966E-11 -1.24483E-11 -4.97933E-13 -2.48966E-13 
2.3  -1.17823E-11 -4.71291E-13 -2.35646E-13 
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-2.35646E-11 
 
2.4 -2.22897E-11 -1.11449E-11 -4.45795E-13 -2.22897E-13 
2.5 -2.10733E-11 -1.05366E-11 -4.21466E-13 -2.10733E-13 
2.6 -1.99153E-11 -9.95766E-12 -3.98306E-13 -1.99153E-13 
2.7 -1.88153E-11 -9.40763E-12 -3.76305E-13 -1.88153E-13 
2.8 -1.7772E-11 -8.88599E-12 -3.5544E-13 -1.7772E-13 
2.9 -1.6784E-11 -8.39199E-12 -3.3568E-13 -1.6784E-13 
3 -1.58494E-11 -7.92471E-12 -3.16988E-13 -1.58494E-13 
3.1 -1.49663E-11 -7.48315E-12 -2.99326E-13 -1.49663E-13 
3.2 -1.41325E-11 -7.06624E-12 -2.8265E-13 -1.41325E-13 
3.3 -1.33457E-11 -6.67287E-12 -2.66915E-13 -1.33457E-13 
3.4 -1.26038E-11 -6.30192E-12 -2.52077E-13 -1.26038E-13 
3.5 -1.19045E-11 -5.95227E-12 -2.38091E-13 -1.19045E-13 
3.6 -1.12456E-11 -5.62282E-12 -2.24913E-13 -1.12456E-13 
3.7 -1.0625E-11 -5.31248E-12 -2.12499E-13 -1.0625E-13 
3.8 -1.00404E-11 -5.0202E-12 -2.00808E-13 -1.00404E-13 
3.9 -9.48996E-12 -4.74498E-12 -1.89799E-13 -9.48996E-14 
4 -8.97168E-12 -4.48584E-12 -1.79434E-13 -8.97168E-14 
4.1 -8.4837E-12 -4.24185E-12 -1.69674E-13 -8.4837E-14 
4.2 -8.02424E-12 -4.01212E-12 -1.60485E-13 -8.02424E-14 
4.3 -7.59163E-12 -3.79582E-12 -1.51833E-13 -7.59163E-14 
4.4 -7.18427E-12 -3.59213E-12 -1.43685E-13 -7.18427E-14 
4.5 -6.80064E-12 -3.40032E-12 -1.36013E-13 -6.80064E-14 
4.6 -6.43931E-12 -3.21966E-12 -1.28786E-13 -6.43931E-14 
4.7 -6.09894E-12 -3.04947E-12 -1.21979E-13 -6.09894E-14 
4.8 -5.77826E-12 -2.88913E-12 -1.15565E-13 -5.77826E-14 
4.9 -5.47606E-12 -2.73803E-12 -1.09521E-13 -5.47606E-14 
5 -5.19123E-12 -2.59562E-12 -1.03825E-13 -5.19123E-14 
5.1 -4.92271E-12 -2.46135E-12 -9.84542E-14 -4.92271E-14 
5.2 -4.6695E-12 -2.33475E-12 -9.33901E-14 -4.6695E-14 
5.3 -4.43068E-12 -2.21534E-12 -8.86137E-14 -4.43068E-14 
5.4 -4.20537E-12 -2.10269E-12 -8.41075E-14 -4.20537E-14 
5.5 -3.99276E-12 -1.99638E-12 -7.98551E-14 -3.99276E-14 
5.6 -3.79206E-12 -1.89603E-12 -7.58413E-14 -3.79206E-14 
5.7 -3.60257E-12 -1.80129E-12 -7.20514E-14 -3.60257E-14 
5.8 -3.42361E-12 -1.7118E-12 -6.84721E-14 -3.42361E-14 
5.9 -3.25454E-12 -1.62727E-12 -6.50908E-14 -3.25454E-14 
6 -3.09477E-12 -1.54739E-12 -6.18954E-14 -3.09477E-14 
6.1 -2.94375E-12 -1.47188E-12 -5.8875E-14 -2.94375E-14 
6.2 -2.80095E-12 -1.40048E-12 -5.60191E-14 -2.80095E-14 
6.3 -2.6659E-12 -1.33295E-12 -5.33179E-14 -2.6659E-14 
6.4 -2.53812E-12 -1.26906E-12 -5.07624E-14 -2.53812E-14 
6.5 -2.4172E-12 -1.2086E-12 -4.83439E-14 -2.4172E-14 
6.6 -2.30272E-12 -1.15136E-12 -4.60544E-14 -2.30272E-14 
6.7 -2.19432E-12 -1.09716E-12 -4.38864E-14 -2.19432E-14 
6.8 -2.09164E-12 -1.04582E-12 -4.18328E-14 -2.09164E-14 
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6.9 -1.99435E-12 -9.97176E-13 -3.9887E-14 -1.99435E-14 
7 -1.90214E-12 -9.5107E-13 -3.80428E-14 -1.90214E-14 
7.1 -1.81472E-12 -9.07359E-13 -3.62943E-14 -1.81472E-14 
7.2 -1.73181E-12 -8.65904E-13 -3.46362E-14 -1.73181E-14 
7.3 -1.65316E-12 -8.26579E-13 -3.30632E-14 -1.65316E-14 
7.4 -1.57852E-12 -7.89262E-13 -3.15705E-14 -1.57852E-14 
7.5 -1.50768E-12 -7.53841E-13 -3.01536E-14 -1.50768E-14 
7.6 -1.44042E-12 -7.20209E-13 -2.88084E-14 -1.44042E-14 
7.7 -1.37653E-12 -6.88267E-13 -2.75307E-14 -1.37653E-14 
7.8 -1.31584E-12 -6.5792E-13 -2.63168E-14 -1.31584E-14 
7.9 -1.25816E-12 -6.29082E-13 -2.51633E-14 -1.25816E-14 
8 -1.20334E-12 -6.01668E-13 -2.40667E-14 -1.20334E-14 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 APPENDIX D: CONNECTOR INPUTS N-TERMINUS  
 
98 
 
4. V23A-V23B 
F୴ୢ୵ ≈  
−12 × Aଵ,ଶ
(d + rଵ,ଶ)ଵଷ
+
6 × Bଵ,ଶ
(d + rଵ,ଶ)଻
 
F୴ୢ୵ ≈  
−12 × (−7.293)
(6.275 + rଵ,ଶ)ଵଷ
+
6 × (−5.368eିହ)
(6.275 + rଵ,ଶ)଻
 
This equation was used to calculate the vdW interaction for V23A-V23B for a range of 
distances from -1 to 8 with increments of 0.1. 
 
Table 16: Calculated data sets for van der Waals interaction between V23A and V23B 
Distance from 
equilibrium 
point 
100% vdW 50% vdW 2% vdW 1% vdW 
-1 4.53654E-10 2.26827E-10 9.07309E-12 4.53654E-12 
-0.9 3.50349E-10 1.75174E-10 7.00698E-12 3.50349E-12 
-0.8 2.67944E-10 1.33972E-10 5.35888E-12 2.67944E-12 
-0.7 2.02245E-10 1.01123E-10 4.0449E-12 2.02245E-12 
-0.6 1.49918E-10 7.4959E-11 2.99836E-12 1.49918E-12 
-0.5 1.08308E-10 5.41539E-11 2.16616E-12 1.08308E-12 
-0.4 7.52959E-11 3.76479E-11 1.50592E-12 7.52959E-13 
-0.3 4.9188E-11 2.4594E-11 9.83759E-13 4.9188E-13 
-0.2 2.86264E-11 1.43132E-11 5.72529E-13 2.86264E-13 
-0.1 1.25219E-11 6.26094E-12 2.50438E-13 1.25219E-13 
0 0 0 0 0 
0.1 -9.64826E-12 -4.82413E-12 -1.92965E-13 -9.64826E-14 
0.2 -1.69868E-11 -8.4934E-12 -3.39736E-13 -1.69868E-13 
0.3 -2.24753E-11 -1.12376E-11 -4.49506E-13 -2.24753E-13 
0.4 -2.64838E-11 -1.32419E-11 -5.29676E-13 -2.64838E-13 
0.5 -2.93113E-11 -1.46557E-11 -5.86226E-13 -2.93113E-13 
0.6 -3.11996E-11 -1.55998E-11 -6.23991E-13 -3.11996E-13 
0.7 -3.2344E-11 -1.6172E-11 -6.46879E-13 -3.2344E-13 
0.8 -3.29025E-11 -1.64513E-11 -6.5805E-13 -3.29025E-13 
0.9 -3.30029E-11 -1.65014E-11 -6.60058E-13 -3.30029E-13 
1 -3.27482E-11 -1.63741E-11 -6.54965E-13 -3.27482E-13 
1.1 -3.22218E-11 -1.61109E-11 -6.44435E-13 -3.22218E-13 
1.2 -3.14905E-11 -1.57452E-11 -6.29809E-13 -3.14905E-13 
1.3 -3.06082E-11 -1.53041E-11 -6.12165E-13 -3.06082E-13 
1.4 -2.96183E-11 -1.48091E-11 -5.92366E-13 -2.96183E-13 
1.5 -2.85551E-11 -1.42776E-11 -5.71102E-13 -2.85551E-13 
1.6 -2.74462E-11 -1.37231E-11 -5.48924E-13 -2.74462E-13 
1.7 -2.63133E-11 -1.31566E-11 -5.26265E-13 -2.63133E-13 
1.8 -2.51734E-11 -1.25867E-11 -5.03467E-13 -2.51734E-13 
1.9 -2.40398E-11 -1.20199E-11 -4.80797E-13 -2.40398E-13 
2 -2.29229E-11 -1.14614E-11 -4.58458E-13 -2.29229E-13 
2.1 -2.18303E-11 -1.09151E-11 -4.36606E-13 -2.18303E-13 
2.2 -2.07678E-11 -1.03839E-11 -4.15356E-13 -2.07678E-13 
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2.3  
-1.97396E-11 
 
-9.86979E-12 -3.94792E-13 -1.97396E-13 
2.4 -1.87485E-11 -9.37425E-12 -3.7497E-13 -1.87485E-13 
2.5 -1.77964E-11 -8.8982E-12 -3.55928E-13 -1.77964E-13 
2.6 -1.68843E-11 -8.44214E-12 -3.37686E-13 -1.68843E-13 
2.7 -1.60125E-11 -8.00626E-12 -3.2025E-13 -1.60125E-13 
2.8 -1.5181E-11 -7.59048E-12 -3.03619E-13 -1.5181E-13 
2.9 -1.43891E-11 -7.19456E-12 -2.87782E-13 -1.43891E-13 
3 -1.36361E-11 -6.81806E-12 -2.72723E-13 -1.36361E-13 
3.1 -1.2921E-11 -6.46048E-12 -2.58419E-13 -1.2921E-13 
3.2 -1.22424E-11 -6.1212E-12 -2.44848E-13 -1.22424E-13 
3.3 -1.15991E-11 -5.79957E-12 -2.31983E-13 -1.15991E-13 
3.4 -1.09898E-11 -5.49488E-12 -2.19795E-13 -1.09898E-13 
3.5 -1.04128E-11 -5.20642E-12 -2.08257E-13 -1.04128E-13 
3.6 -9.86691E-12 -4.93345E-12 -1.97338E-13 -9.86691E-14 
3.7 -9.35052E-12 -4.67526E-12 -1.8701E-13 -9.35052E-14 
3.8 -8.86223E-12 -4.43112E-12 -1.77245E-13 -8.86223E-14 
3.9 -8.40064E-12 -4.20032E-12 -1.68013E-13 -8.40064E-14 
4 -7.96437E-12 -3.98218E-12 -1.59287E-13 -7.96437E-14 
4.1 -7.55208E-12 -3.77604E-12 -1.51042E-13 -7.55208E-14 
4.2 -7.1625E-12 -3.58125E-12 -1.4325E-13 -7.1625E-14 
4.3 -6.7944E-12 -3.3972E-12 -1.35888E-13 -6.7944E-14 
4.4 -6.4466E-12 -3.2233E-12 -1.28932E-13 -6.4466E-14 
4.5 -6.11796E-12 -3.05898E-12 -1.22359E-13 -6.11796E-14 
4.6 -5.80743E-12 -2.90372E-12 -1.16149E-13 -5.80743E-14 
4.7 -5.51398E-12 -2.75699E-12 -1.1028E-13 -5.51398E-14 
4.8 -5.23665E-12 -2.61832E-12 -1.04733E-13 -5.23665E-14 
4.9 -4.97451E-12 -2.48726E-12 -9.94903E-14 -4.97451E-14 
5 -4.72671E-12 -2.36336E-12 -9.45342E-14 -4.72671E-14 
5.1 -4.49242E-12 -2.24621E-12 -8.98484E-14 -4.49242E-14 
5.2 -4.27087E-12 -2.13543E-12 -8.54174E-14 -4.27087E-14 
5.3 -4.06133E-12 -2.03066E-12 -8.12265E-14 -4.06133E-14 
5.4 -3.8631E-12 -1.93155E-12 -7.7262E-14 -3.8631E-14 
5.5 -3.67555E-12 -1.83777E-12 -7.35109E-14 -3.67555E-14 
5.6 -3.49805E-12 -1.74902E-12 -6.9961E-14 -3.49805E-14 
5.7 -3.33003E-12 -1.66502E-12 -6.66007E-14 -3.33003E-14 
5.8 -3.17095E-12 -1.58548E-12 -6.34191E-14 -3.17095E-14 
5.9 -3.0203E-12 -1.51015E-12 -6.04061E-14 -3.0203E-14 
6 -2.8776E-12 -1.4388E-12 -5.7552E-14 -2.8776E-14 
6.1 -2.74239E-12 -1.37119E-12 -5.48478E-14 -2.74239E-14 
6.2 -2.61425E-12 -1.30712E-12 -5.2285E-14 -2.61425E-14 
6.3 -2.49278E-12 -1.24639E-12 -4.98555E-14 -2.49278E-14 
6.4 -2.3776E-12 -1.1888E-12 -4.75519E-14 -2.3776E-14 
6.5 -2.26836E-12 -1.13418E-12 -4.53671E-14 -2.26836E-14 
6.6 -2.16472E-12 -1.08236E-12 -4.32944E-14 -2.16472E-14 
6.7 -2.06637E-12 -1.03319E-12 -4.13275E-14 -2.06637E-14 
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6.8 -1.97303E-12 -9.86514E-13 -3.94606E-14 -1.97303E-14 
6.9 -1.8844E-12 -9.422E-13 -3.7688E-14 -1.8844E-14 
7 -1.80023E-12 -9.00115E-13 -3.60046E-14 -1.80023E-14 
7.1 -1.72027E-12 -8.60137E-13 -3.44055E-14 -1.72027E-14 
7.2 -1.6443E-12 -8.22151E-13 -3.2886E-14 -1.6443E-14 
7.3 -1.57209E-12 -7.86046E-13 -3.14418E-14 -1.57209E-14 
7.4 -1.50344E-12 -7.51721E-13 -3.00689E-14 -1.50344E-14 
7.5 -1.43816E-12 -7.1908E-13 -2.87632E-14 -1.43816E-14 
7.6 -1.37606E-12 -6.88032E-13 -2.75213E-14 -1.37606E-14 
7.7 -1.31698E-12 -6.5849E-13 -2.63396E-14 -1.31698E-14 
7.8 -1.26075E-12 -6.30376E-13 -2.5215E-14 -1.26075E-14 
7.9 -1.20722E-12 -6.03612E-13 -2.41445E-14 -1.20722E-14 
8 -1.15625E-12 -5.78127E-13 -2.31251E-14 -1.15625E-14 
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APPENDIX E:  
DISPLACEMENT VECTOR CALCULATIONS 
 
 
Calculation of the vector change of TM1 for 1st subunit of MscL 
ݒොଵ,ଶ = (ݔଶ − ݔଵ, ݕଶ − ݕଵ, ݖଶ − ݖଵ) = ( 13.088, 31.427,-32.881) 
ݒොଷ,ସ = (ݔସ − ݔଷ, ݕସ − ݕଷ, ݖସ − ݖଷ) = (9.954, 41.520, −25.444)  
∴ ∆ݒො =  ݒොଷ,ସ − ݒොଵ,ଶ = (−3.13, 9.09, −7.44) 
 
2nd subunit of MscL 
ݒොଵ,ଶ = (ݔଶ − ݔଵ, ݕଶ − ݕଵ, ݖଶ − ݖଵ) = (−23.998,27.868, −29.793)  
ݒොଷ,ସ = (ݔସ − ݔଷ, ݕସ − ݕଷ, ݖସ − ݖଷ) = (−33.980, 26.572, −22.973) 
∴ ∆ݒො =  ݒොଷ,ସ − ݒොଵ,ଶ = (−9.982, −1.297,6.820) 
 
3rd subunit of MscL 
ݒොଵ,ଶ = (ݔଶ − ݔଵ, ݕଶ − ݕଵ, ݖଶ − ݖଵ) = (−32.568, −8.365, −33.407)  
ݒොଷ,ସ = (ݔସ − ݔଷ, ݕସ − ݕଷ, ݖସ − ݖଷ) = (−34,729, −19.253, −28.490)  
∴ ∆ݒො =  ݒොଷ,ସ − ݒොଵ,ଶ = (−2.261, −10.888, −4.91) 
 
4th subunit of MscL 
ݒොଵ,ଶ = (ݔଶ − ݔଵ, ݕଶ − ݕଵ, ݖଶ − ݖଵ) = (−0.615, −27.199, −38.729)  
ݒොଷ,ସ = (ݔସ − ݔଷ, ݕସ − ݕଷ, ݖସ − ݖଷ) = (8.743, −33.624, −34,371)  
∴ ∆ݒො =  ݒොଷ,ସ − ݒොଵ,ଶ = (9.358, −6.425,4.358) 
 
5th subunit of MscL 
ݒොଵ,ଶ = (ݔଶ − ݔଵ, ݕଶ − ݕଵ, ݖଶ − ݖଵ) = (27.540, −2.607, −38.404)  
ݒොଷ,ସ = (ݔସ − ݔଷ, ݕସ − ݕଷ, ݖସ − ݖଷ) = (36.358, 3.318, −32.489) 
∴ ∆ݒො =  ݒොଷ,ସ − ݒොଵ,ଶ = (8.818, 5.925, 5.915) 
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Figure 52: Top view of channel with displacement boundary conditions on respective helices 
labelled in white.  
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